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■ OBJECTIVES 

Explore the basic dc bias configurations for the bipolar junction transistor. 
Develop an understanding of the relationship between I a /„, and I F , 
Understand the transistor modes of operation and how they apply to 
circuit operation. 

Understand the characteristics of basic transistor curves 
’ Explore the use of a BJT transistor switch and understand how to bias 
the transistor switch for use in a circuit. 
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The workhorse of modern electronic circuits, both discrete and mteg ate 
analog and digital, is the transistor. The importance of this versatile device 
stems from its ability to produce amplification, or gam, in a circuit. We say 
that amplification has been achieved when a small variation in voltage or 
current is used to create a large variation in one of those same quantities, 
and this is the fundamental goal of most electronic circuits. As a means for 
creating gain, the transistor is in many ways analogous to a small valve in a 
large water system: By expending a small amount of energy (turning t e 
valve), we are able to control—increase or decrease—a large amount of 
energy (in the flow of a large quantity of water) When a device su h as a Iran 
sistor is used to create gain, we supply a small signal to it and refer to that as 
the input; the large current or voltage variations that then occur at anothei 

point in the device are referred to as the output. 

The two most important kinds of transistors are the bipolar jum twn ype 
and the field-effect type. The bipolar junction transistor (BJT) is so nam d 
(bi polar —two polarities) because of its dependence on both holes and 
electrons as charge carriers. We will study the theory and applications o£ 
“bipolars” in this and the next chapter, and devote equal time to iieJd ettect 
transistors (FETs), which operate under completely different principles, 

in Chapter 5. „ . . _, 

We should note that bipolars are studied first tor historical reasons, and 

because the theory of these devices follows naturally from a study of pn junc 
tions. Their precedence in our study should in no way imply that they are o 
greater importance than field-effect transistors. Bipolars were the first kind 
of transistors to be widely used in electronics, and they are still an important 
segment of the semiconductor industry Most people in the industry still use 
the word transistor (as we shall) with the understanding that a bipolar tran¬ 
sistor is meant. However, field-effect technology has now evolved to the poin 
wViprp FF.Ts are used in greater numbers than BJTs in integrated circuits foi 


4-2 THEORY OF BJT OPERATION __ 

A bipolar junction transistor is a specially constructed, three terminal semi¬ 
conductor device containing two pn junctions. It can be ormed from a bar of 
material that has been doped in such a way that it changes from n to p and 
back to n, or from p to n and back to p. In either case, a jur tion is cr at da 
each of the two boundaries where the material changes from one type to the 
other. Figure 4-1 shows the two ways that it is possible to alternate material 

types and thereby obtain two junctions* 







































































hap ter 4 





u 

r 

II 


When a transistor is formed by sandwiching a single p region between 
two n regions, as shown in Figure 4-l(a), it is called an npn type. Figure 4-1 b 
shows the pnp type, containing a single n region between two p regions. 

The middle region of each transistor type is called the base of the tran¬ 
sistor. Of the remaining two regions, one is called the emitter and the other 
is called the collector of the transistor. Let us suppose that terminals are 
attached to each region so that external electrical connections can be 
made between them. (In integrated circuits, no such accessible terminals 
may be provided, but it is still possible to identify the base, emitter, and 
collector and to form conducting paths between those regions and other 
internal components.) Figure 4-2 shows terminals attached to the regions 
of each transistor type. The terminals are labeled according to the region 
to which they connect. 

The physical appearance of an actual transistor bears little resemblance 
to the figures we have shown so far. However, these kinds of diagrams are 
very helpful in understanding transistor theory, and Figures 4-1 and 4-2 
are representative of actual transistors in at least one respect: The base 
region is purposely shown thinner than either the emitter or collector 
region. For reasons that will become evident soon, the base region in an 
actual transistor is made even thinner in proportion to the other regions 
than is depicted by the figures. Also, the base region is much more lightly 
doped than the other regions.* Both these characteristics of the base are 
important for the transistor to be a useful device and to perform what is 
called normal “transistor action.” 

For the sake of clarity, we will continue our discussion of transistor theory 
in terms of the npn type only. The underlying theory is equally applicable to 
the pnp type and can be “translated” for pnps simply by changing each carrier 
type mentioned in connection with npns and reversing each voltage polarity 
To obtain normal transistor action, it is necessary to bias both pn junctions by 
connecting dc voltage sources across them. Figure 4-3 illustrates the correct 
bias for each junction in the npn transistor. In the figure, we show the result of 
biasing each junction separately, while in practice both junctions will be 
biased simultaneously by one external circuit, as will be described presently 

As shown in Figure 4— 3(a), the emitter-base junction is forward biased by 
the dc source labeled Note that the negative terminal of is connected 
to the n side of the np junction, as required for forward bias. Consequently, 
there is a substantial flow of diffusion current across the junction due to the 
flow of the majority carriers (electrons) from the n-type emitter. This action 
is exactly that which we discussed in connection with a forward-biased pn 


‘In integrated circuits, the emitter is usually heavily doped (n + ) material. Most integrated-circuit BJTs 
are of the npn type. 
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(a) Forward biasing the 
emitter-base junction 


tbt Reverse biasing the 
collector base tu^u° n 


FIG JRE 1-4 The npn transistor 
with both bias sources connected 
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junction in Chnpier 2. The depletion :refpon «£ 

8 Fieure 4-3(b) shows that the collector base junction is reverse biased by 
the dc source labeled V a . The positive terminal of is eonnee'ed to e 

under the influence of the electric field, and they constitute the flow 

4-^shOTVsdte^pti transistor the way it is btased for normal ope.- 
tion StU dc lomces L and Pec connected simultaneously Note in the 

fieure that the negative terminal of V cc is connected to the positive terminal ^ 
Vee and that both of these are joined to the base. The base is> then thesgwound^ 
m circuit and can therefore be regarded as being at U v. 

the 

Instead they diffuse to the reverse-biased base-collector junction and are 
“dS that junction under the influence of thei elec.nc fteldesiab 

Shet^rh^m“aiiers readily cross the 

-“ed junction. We conclude elect- 

dominant current type m an npn transistor, roi a pny 
everything is “opposite,” hole current is the dominant typ . 
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Despite the fact that most of the electrons injected into the base 
into the collector, a few of them do combine with holes in the base. For ea 
electron that combines with a hole, an electron leaves the base region v' 
base terminal.This action creates a very small base current, about 2% 
of the electron current from emitter to collector. As we shall see, the s 
this percentage, the more useful the transistor is in practical applicatk 
Note in Figure 4-4 that arrows are drawn to indicate the direct'o 
conventional current in the npn transistor. Of course, each arrow poi lts 
the opposite direction from the electron flows that we have described 
ventional current flowing from V cc into the collector is called collector 
rent and designated I c . Similarly, current into the base is I B , the base curr 
and current from V EE into the emitter is emitter current, I E . Figure 4- 
shows the standard electronic symbol for an npn transistor, with these 
rents labeled alongside. Figure 4-5(b) shows the same block form of the 
that we have shown earlier and is included as an aid for relating the ph\ 
cal device to the symbol. Figure 4-6 shows the standard symbol for a p 
transistor and its equivalent block form. Comparing Figures 4-5 and 4-6 ve 
note first that the emitter of an npn transistor is represented by an arr 
pointing out from the base, whereas the emitter of a pnp transistor is shown 
as an arrow pointing into the base. It is easy to remember this distinction 
by thinking of the arrow as pointing in the direction of conventional current 
flow, out of or into the emitter of each type of transistor. We further no 
that the polarities of the bias sources for the pnp transistor, V EE and V ca a e 
the opposite of those for the npn transistor. In other words, the positive a 
negative terminals of each source in Figure 4-6 are the reverse of those in 
igure 4-5. These polarities are, of course, necessary in each case to mai l- 
tain the forward and reverse biasing of the junctions, as we have described. 
Note, for example, that the negative terminal of V cc is connected to the 
p-type collector of the pnp transistor. Recapitulating, here is the all- 
important universal rule for biasing transistors for normal operation 

(memorize it!). The emitter-base junction must be forward biased, and the 
collector-base junction must be reverse biased. 

i—11 an important point concerning transistor 

currents. Figure 4-7 replaces each type of transistor by a single block and 

shows the directions of currents entering and leaving each. Applyin 


FIGURE 4-5 Equivalent npn 
transistor diagrams 
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(a) npn transistor symbol 
and bias currents 


(b) The block form of the 
npn transistor 
corresponding to (a) 


FIGURE 4-6 Equivalent pnp 
transistor diagrams 
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(a) pnp transistor symbol 
and bias currents 


(b) The block form of the 
pnp transistor 
corresponding to (a) 
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FIG UR3E F-T Each transistor type 
is replaced by a single block to 
highlight current flows in and out of 
the devices 
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4-8 Graphical depiction 
,f t he relationships among the 
nitter, base, and collector currents 
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Kirchhoff’s current law to each of Figures 4~7(a) and (b), we immediately 
obtain this important relationship 5 applicable to both npn and pnp transistors: 

4 = 4 + 4 ( 4 - 1 ) 

that is graphically depicted in Figure 4-8, 



I CBO Reverse Current 

Recall from Chapter 2 that a small reverse current flows across a pn junc¬ 
tion due to thermally generated minority carriers that are propelled by the 
barrier potential. When the junction is reverse biased, this reverse current 
increases slightly. For moderate reverse bias voltages, the reverse current 
reaches its saturation value, / s . Because the collector-base junction o a 
transistor is reverse biased, there is likewise a reverse current due to ther¬ 
mally generated carriers. Of course this “reverse” current, in the context 
of a transistor, is in the same direction as the main (co lector) current flow 
ing through the device due to the injection of minority carriers into the 
base. The total collector current is, therefore, the sum of these two compo¬ 
nents: the injected minority carriers and the therma ly gent rated minor¬ 
ity carriers. 

Suppose that the external connections between the base and emitter 
are left open and that the collector-base junction has its normal reverse 
bias, as shown in Figure 4—9 (see also Figure 4-;). Because the emitter is 
open, there can be no carriers injected into the base. Consequently, the 
only current that flows must be that “reverse 5 component due to thermally 
generated carriers. This current is designated 4bo> the Collector-to-Base 
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; cbo is the collector 
current that flows when the emitter 
is open 
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(a) npn 

e - = electron current 


cc 


(b) pnp 

h + = hole current 


current, with the emitter Open. Therefore, in normal operation, with the 
emitter circuit connected, the total collector current is expressed as 

I c = aI E + 

Icbo ( 4-2 ] 

where the important transistor parameter alpha is defined as the rat 

the collector current resulting from carrier injection to the total em 

current: i 


a = 


a m 


Thus, a measures the portion of the emitter current that “survives,” after pas¬ 
sage through the base, to become collector current. Clearly, a will always 
less than 1, because some of the emitter current is drained off in the b 
through recombinations. Generally speaking, the greater the value of a (t 
closer it is to 1), the better the transistor, from the standpoint of many pra 
tical applications that we will explore later. In other words, we want a tra 
sistor to be constructed so that its base current is as small as possible, 
because that makes I c close to I E and a close to 1. Typical transistors have 
values of a that range from 0.95 to 0.995. 

Equation 4-2 states that the total collector current is that portion of the 
emitter current that makes it through the base ( aI E ) plus the thermal! 
generated collector current (/ CB0 ). 

In modern transistors, particularly silicon, I CB0 is so small that it can be 
neglected for most practical applications. Remember that I CB0 is exactly the 
same as the reverse diode current we discussed in Chapter 2. We saw that its 
theoretical value, as a function of temperature and voltage, is given by equa¬ 
tion 2-3, and that it is quite sensitive to temperature variations. Because the 
collector base junction in a transistor is normally reverse biased by at least 
a volt or so, the theoretical value of I CB0 is for all practical purposes equal to 
its saturation value (J s , in Chapter 2). Remember that I s approximately 
doubles for every 10°C rise in temperature, so we can say the same about Iqb 
in a transistor This sensitivity to temperature can become troublesome in 
some circuits if high temperatures and large power dissipations are likely 
We will explore those situations in more detail later. 

We shou Id also remember that the theoretical value of Iqbo> like reverse 
diode curren , is usually much smaller than the reverse leakage current that 
flows across the surface. In silicon transistors, this surface leakage may so 
completely dominate the reverse current that temperature-related increases 
in I s remain negligible. In fact, it is conventional in most texts and product 
literature to refer to I CB0 as the (collector-to-base) leakage current. 

Because I CB0 is negligibly small in most practical situations, we can set it 
equal to 0 in equation 4—2 and obtain the good approximation 


Ir ~ aI 
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and 



a ~ 
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e emitter current in a certain npn transistor is 8.4 mA. If 0.8 /,, of the 
• oritv carriers injected into the base recombine with holes and the leak¬ 
age current is 0.1 pA, find (1) the base current, (2) the collector current, 
(3) the exact value of a, and (4) the approximate value of a, neglecting W 

Solution 

1. I B = (0.8% otI E ) = (0.008X8.4 mA) = 67.2 pA. 

* a i r — r _ t —■ q 4 mA — 0 0672 mA ” 8.3328 mA- 

2. From equation 4-1, I c - h h~ 8 4 mA uu °' ‘ 0 . 

3 From equation 4-2, aI E = I c ~ hao ~ 83328 ™ 

By equation 4-3, a = (8.3327 mA)/(8.4 mA) = 0.9919881. 

4. By approximation 4-5, a = 1<JI E ~ (8.3328 mA)/(8.4 mA) - 0.992. 

For the conditions of this example, we see that the exact and approximat 
values of a are so close that the difference between them i an be entire y 

neglected. 


4-3 COMMON-BASE CHARACTERISTICS _ 

In our introduction to the theory of transistor operation, we showed a bias 
circuit (Figure 4-4) in which the base was treated as the ground, or common 
point of the circuit. In other words, all voltages (collector to-base and emitter- 
to-base) were referenced to the base. This bias arrangement results in what s 
caHed the common-base (CB) configuration for the transistor. It repn se ^J 
one of three possible ways to arrange the external circuit to achieve a fo ™ 
biased base-to-emitter junction and a reverse biased collector-to-base juncti , 
because any one of the three terminals can be made the common point. We wiU 

study the other two configurations in later discussions. 

The significance of having a common point in a transistor circuit is that it 
gives us a single reference for both the input voltage to the transistor and the 
output voltage. In the CB configuration, the emitter-base voltage is; regarded 
as the input voltage and the collector-base voltage 

voltage. See Figure 4-10. Notice the reference for V EB and 1 cb where standard 
double-subscript notation means “voltage at first subscript with respect tosec 
ond subscript.” For normal transistor action, is positive for P"P g 

live for npn. On the other hand, V CB is negative for pnp and posit ye for npn. 

In our analysis of the CB configuration, the “input” voltage wiU be 
the emitter-base bias voltage (V EB ), and the “output’ voltage will be the 
collector-base bias voltage (V CB ). In Chapter 7, we will adopt_ai more reahsttc 
viewpoint in which we will regard small (ac) variations in the emitter-base 
end collector-base voltages as the input and output, respectively For the 
time being we will concern ourselves only with the effects cm changes in EB 
and ^ on’the Xvior of the transistor. Do not be confused by the fact that 
the “input” current in the npn circuit (Figure 4-10(a)) flows out o 
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F'G IRE 4-10 Input and output voltages in npn and pnp om on bas ransis o s 
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emitter. Again, it will be small changes in the magnitude of I E that we 
ultimately regard as the “input.” 

Our objective now is to learn how the input and output voltages and 
input and output currents are related to each other in a CB configurati 
Toward that end, we will develop sets of characteristic curves called input e 
acteristics and output characteristics. The input characteristics show the r 
tion between input current and input voltage for different values of output vo 
and the output characteristics show the relation between output current a 
output voltage for different values of input current As these statements sugg< 
there is in a transistor a certain feedback (the output voltage) that affects 
input, and a certain “feedforward” (the input current) that affects the output. 


Common-Base Input Characteristics 

Let us begin with a study of the CB input characteristics of a typical npn tran¬ 
sistor. Because the input is across the forward-biased base-to-emitter jum 
tion, we would expect a graph of input current (I E ) versus input voltage (V^) 
to resemble that of a forward-biased diode. That is indeed the case. Howeve 
the exact shape of this I E ~V EB curve will, as we have already hinted, depend 
on the reverse biasing output voltage, V CB . The reason for this dependency is 
that the greater the value of V CB) the more readily minority carriers in the 
base are swept through the base-to-collector junction. (Remember that the 
reverse biasing voltage enhances such current.) The increase in emitter- 
to collector current resulting from an increase in V CB means that the (input 
emitter current will be greater for a given value of (input) base-to-emitter 
voltage. Figure 4-11 shows a typical set of input characteristics in which this 
feedback effect can be discerned. Figure 4-11 is our first example of a family 
of transistor curves a very useful way to display transistor behavior graphi¬ 
cally and one that can provide rewarding insights if studied carefu ly. 
Although characteristic curves are seldom used in actual design or analysis 


i ommon base input 
characteristics (npn) 


Bipolar Junction 1 ransistors 




. , p ■ £ Arn , a H/\n and we will see many more of 
problems, they convey a wealth © i ’ d d lled U pon at length. 

them in the future. Each set ^Jtagesdiange when one quantity is 

, 2d constant and the - «■ ? ^ 

, w represented by end,. emitter current varies 

with base-to-emitter voltage for r l^ r J h ^ sing voltage V a is 

EatSSe V “ is u s r 't“‘X'ScrSmbteTfomard biased diode 

chaTcSrStic^ expected. explained iS 

increases with incieasing cb- carrier flow We see in the figure that 

terms of the way V CB promotes ml “° r ^ °he curves as V CB is changed 

over a fairly wide range. For that.reason 'the e blased diode 

often neglected in practical problems. An average 

characteristic is assumed. transistor will of course have the 

The CB input characteristics for P P I ig Ur e 4-11 However, 

same general appearance as * 0S ? S t voltage IS positive when measured 

in a pnp transistor, a fotvm* d- P h ow negative values for pnp voltages 

and/or currents because these horizontal axis in 

of the corresponding npn qumhti • ^ then all sca i e values would 

Figure 4-11 were labeled V EB for .p P ’ of consistency) can be 

be negative. These sign conven o ( ’ ember j ng the fundamental rule 






, " . « eure 4-12 has the characteristic curves shown in 

i vfi, is found that f, - 8 94mA 

i w „a n of the transistor (neglecting I CB o)- 

2. Rape* if“ ;lt 9 S7 mA when V« is rep,need by a short circuit to ground. 
So u • ” , ,, _ n 7 V From Fieure 4-11, the vertical 

1. In Figure 4-12, we see that $ , he y = 25 V curve at 

ff “ v“, » (894 mA}/(9.0 mA) - »» 

2 ' -0 ^ (S mAtJ 

(2.0 mA) = 0.9935. 


FIGURE 4-12 (Example 4-2) 
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v Ail experiment that 

could be used to produce the output 
characteristics shown in Figure 4-14 
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1 record/ B . Set ‘° "' V ’ adjUSt Vbe t0 ob,ain 4 “ 1 mA > Measure and 


: Increase positively in small steps, each time measuring l c . Adiust 
as necessary to maintain the original value of I t . Continue u 
1 r k has reached 20 V. Plot l c versus V CH . 

3 Repeat step !> Wl,h v »t. adjusted to produce a new. slightly lar 
value of 4. Then repeat step 2. 


Repea, step 3 until the fixed value of 4 has reached 9 mA. 


Common-Base Output Characteristics 

Consider now an experiment in which the collector (output) current is 

the^emitt ^ ° UtpUt voltage) is adjusted for fixed settings of 
the emitter (input current. Figure 4-13 shows a schematic diagram and a 

procedure that could be used to conduct such an experiment on an npn tran 
h« cuU HSUre 4 ~ 13 does not re ^< ■ Practical drcui, 

Icterisrirs Vr Se t f, any PUrp ° Se ° ther than investigating transistor char 

e ristics. Practlca transistor circuits contain more resistors and have 

IZ'Tl ° PUt V ° ltageS th3t are different from the dc bias voltages. How 

u P u w 1 " ° Ur StUdy ° f transistor *eaiy, we are interested in the 

the valZo lf ‘ We are using , characteristic curves to gain insights into how 
the voltages and currents relate to each other in the device, rather than in 

car !! n t a 'r CUI ^ ° nCe We haVG gleaned aU the device information we 
of whir, yin§ characteristic curves, we will have a solid understanding 

WheS / 3 , a " S1S . t0r reaU y 1S / nd can pr°ceed to study practical circuits 

of CI1 P i° d Ve „ aS 1CB for deferent values of I E) we obtain the family 
of curves shown in Figure 4-14: the output characteristics for the CB 

fact A c > os e examination of these curves will reveal some new 

acts about transistor behavior. 

fl , r i St ln Figure 4-14 that each curve starts at I c = 0 and rises rap- 

dly „ a S ™ 311 poSltlve lncrease ^ V CB . In other words, I c increases rapidly 
J e s V CB begins to increase slightly beyond its initial negative value. Since 
each curve represents a fixed value of I E> this means that while I c is increas- 

J®. ”**? /c//e . mus p t al /° be increasing. But I C /I E equals a, so the implica- 
fii n is that the value of a for a transistor is not constant. Alpha starts at 0 and 

ases as V CB increases. The reason for this fact is that a very small portion 

faL^n ™ ^ CUrreDt enter the collector re gi<>n until the reverse- 

asn g vol age CB is allowed to reach a value large enough to propel all 

rs a oss he junction. When V CB is negative, the junction is actually 
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FIGURE *1^14 Common-base output characteristics (npn) Note that the negative V CB 
scale is expanded. 


forward biased, and minority carrier flow is inhibited.! he proportion of the 
carriers that are swept across the junction (a) depends directly on the value 
of V CB until V CB no longer forward biases the junction. The portion of the plot 
where V CB is negative is called the saturation region of the transistor By 
definition (no matter what the transistor configuration), a transistor is 
saturated when both its collector-to base junction and emitter to-base 

junction are forward biased. 

Once V CB reaches a value large enough to ensure that a large portion of 
carriers enter the collector (close to 0 in Figure 4—14), we see that the curves 
more or less level off. In other words, for a fixed emitter current, the collec¬ 
tor current remains essentially constant for further increases in Vq B - Note 
that this essentially constant value of Ic is, for each curve, very nearly qua! 
to the value of I E represented by the curve. In short, the ratio IJI Ei or a > i § v 
close to 1 and is essentially constant. These observations correspond to what 
we had previously assumed about the nature of ot, and the region o. the plo 
where this is the case is called the active region , In it active region, a tran 
sistor exhibits those “normal” properties (transistor action) that we have 
associated with a forward-biased emitter base junction and a reverse biased 
collector-base junction. Apart from some special digital circuit applications, 
a transistor is normally operated (used) in its a tive region. Note that we can 
detect a slight rise in the curves as they proceed to the nght through the 
active region. Each curve of constant I E approaches a horizontal line for 
which I c is almost equal to i E > implying that I E approaches J c , an tha a 
approaches 1, for increasing Vq B * This we a t bute to he in reas numb 
of minority carriers swept into the collec o *, whi h in reases the oil t tor 

current, as the reverse-biasing value of Vq B is increased. 

There is one other region of the output characteristics that deserves 

comment. Note that the curve corresponding o 1$ — 0 is very t lose o he Ic 0 
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line. When the emitter current is made 0 (by opening the external emit ter 
cuit), no minority carriers are injected into the base. Under those conditu 
the only collector current that flows is the very small leakage curre 
as we have previously described (see Figure 4-9). With the scale use 
plot the output characteristics in Figure 4-14, a horizontal line correspo 
to I c — I CB0 coincides with the I c = 0 line, for all practical purposes. The regi 
of the output characteristics lying below the I E = 0 line is called the 
region because the collector current is essentially 0 (cut off) there. A tra 
tor is said to be in the cutoff state when both the collector-base 
emitter-base junctions are reverse biased. Except for special digital dr 
a transistor is not normally operated in its cutoff region. 


“ 4 WWMMV**., . **** .. llr , „ ^ _„ , , , g | , ' 

A certain npn transistor has the CB input characteristics shown in Fig 

4-11 and the CB output characteristics shown in Figure 4-14. 

1. Find its collector current when V CB = 10 V and V BE = 0.7 V. 

2 Repeat when V LB = 5 V and I E = 5.5 mA. 

Solution 

1 From Figure 4-11, we find I E = 4 mA at V BE = 0.7 V and V CB = 10 V. In 
Figure 4-14, the I E - 4 mA curve runs just below I c - 4 mA. The collector 
current under these conditions is practically 4 mA, independent of V c 

2. The conditions given require that we interpolate the output characteris¬ 
tics along the vertical line V CB = 5 V between I E = 5 mA and 4 = 6 mA 
The value of I c that is halfway between the 4 = 5 mA and 4 = 6 mA 
curves is approximately 5.5 mA. Note that high accuracy is not possible 
when using characteristic curves in this way. In most practical situations, 
we could simply assume that I c = I E without seriously affecting the 
accuracy of other computations. 





Breakdown 


As is the case in a reverse-biased diode, the current through the collec¬ 
tor-base junction of a transistor may increase suddenly if the reverse¬ 
biasing voltage across it is made sufficiently large. This increase in current 
is typically caused by the avalanching mechanism already described in 
connection with diode breakdown. However, in a transistor it can also be 
the result of a phenomenon called punch through . Punch through occurs 
when the reverse bias widens the collector—base depletion region to the 
extent that it meets the base-emitter depletion region. This joining of the 
two regions effectively shorts the collector to the emitter and causes a sub¬ 
stantial current flow. Remember that the depletion region extends farther 
into the lightly doped side of a junction and that the base is more lightly 
doped than the collector. F ur therm ore, the base is made very thin, so the 
two junctions are already relatively close to each other. Punch through can 
be a limiting design factor in determining the doping level and base width 
of a transistor Figure 4—15 shows how the CB output characteristics appear 
when the effects of breakdown are included. Note the sudden upward 
swing of each curve at a large value of F CB . The collector-to-base break¬ 
down voltage when 4 = 0 (emitter open) is designated BV cbo . As can be 

seen in Figure 4—15, breakdown occurs at progressively lower voltages for 
increasing values of I E . 

Although the base-emitter junction is not normally reverse biased, there 
are pra :tical applications in which it is periodically subjected to reverse bias. 
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Of course, it too can break down, and its reverse breakdown voltage is usually 
much less than that of the collector-base junction Base-emitter breakdown 
is often destructive, so designers must be aware of the manufacturer’s 

specified maximum reverse base-emitter voltage. 

As a final note on transistor operation, we should mention that some 

transistors can be (and occasionally are) operated in what is called an 
inverted mode. In this mode, the emitter is used as the collector and vice 
versa. Normally, the emitter is the most heavily doped of the three regions, 
so unless a transistor is specifically designed for inverted operation, it will 
not perform well in that mode. The a in the inverted mode, designated u„ 
is generally smaller than the a that can be realized in conventional 

operation. 

4-4 COMMON-EMITT ER CHARACTERISTICS __ 

The next transistor bias arrangement we will study is called the common- 
emitter (CE) configuration. It is illustrated in Figure 4-16. Note that the 
external voltage source V BB is used to forward bias the ba emitter jun 
tion and the external source F cc is used to reverse bias the collector-base 

junction. The magnitude of V C c must be 8 reater than v bb to ensure that th 
collector-base junction remains reverse biased, because, as can be seen 
in the figure, V CB = V cc - V BB . (Write Kirchhoff’s voltage law around the 
loop from the collector, through V co through V BB , and back to the colie 
tor.) The emitter terminal is, of course, the ground, or common, terminal in 

this configuration. . . . 

Figure 4-17 shows that the input voltage in the E configuration is the 

base-emitter voltage and the output voltage is the co ector-emitter voltage. 

The input current is I B and the output current is I c . The common emitter 





(b) pnp Note : BE and V^ E are negative 

for pnp transistors. 


FIGURE 4-1 6 Common-emitter (CE) bias arrangements 
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. „ L J Input and out P u t voltages and currents for npn and pnp transistors 
the CE configuration 1 


configuration is the most useful and most widely used transistor config 

tion, and we will study it in considerable detail. In the process we will le 
some new facts about transistor behavior. 


Before investigating the input and output characteristics of the CE config 

ration, we will derive a new relationship between I c and I CB0 . Although this 

derivation does not depend in any way on the bias arrangement used, it will 

provide us with some new parameters that are useful for predicting leak ge 

in the S configuration and for relating CE input and output currents 
Equation 4-2 states that 


lr Ollr "I" / 


CBO 


or 


IC I CBO ~ 


Dividing through by ot. 


£ 

a 


CBO 

a 


= 1 


E 


Substituting I B + I c for I E on the right-hand side, 


a 


CBO 

a 


= h + /( 


ollecting the terms involving I c leads to 


iA l) - 4 + 


a 


CBO 

a 


But 1/ot 1 = (1 “ a)/a, so 


Ir = 


aI 


B 


1 - 


+ 


CBO 


a 


1 — a 


4-6 


Using equation 4-6, we can obtain an expression for reverse “leakage” 

cu ® nt , in che CE configuration. Figure 4-18 shows npn and pnp transistors 
in which the base-emitter circuits are left open while the reverse-biasing 
vol a § e sources remain connected. As can be seen in Figure 4-18, the only 
current that can flow when the base is left open is reverse current across the 
co ector-base junction. This current flows from the collector, through the 
a gion, a d into the emitter. It is designated / C £a—Collector-to-£mitter 
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current with the base Open. (Note, once again, that this reverse ur ent is 
; n the same direction as normal collector curren h ough the transistor.) 
Because I B must equal 0 when the base is open, we can substitute I B = 0 in 
equation 4-6 to obtain 


iQEO ~ 


CBO 


1 — a 


1 


u 


CBO 


Because the a of a transistor is close to 1,1 a is close to 0, and so 1/(1 a) 
can be quite large. Therefore, equation 4-7 tells us that CE leakage current 
is much larger than CB leakage current. For example, if I tBO ~ 0-1 pA and 
a = 0.995, then I CE0 = (0-1 pA)/0.005 = 20 yA. In effect, collector-base leak 
age current is amplified in the CE configuration, a result that can cause 
problems in high-temperature circuits, particularly those containing germa¬ 
nium transistors. 

Returning to equation 4-6, let us focus on the factor u/(l «) that multi¬ 
plies I B . This quantity is another important transistor parameter, called beta 


P = 


(X 


a 


Beta is always greater than 1 and for typical transistors ranges from around 
20 to several hundred. When a is close to 1, a small increase in a causes a 
large increase in the value of (3. For example, if a = 0 99, then p = 0.99/ 
(1 — 0.99) = 99. If a is increased by 0.005 to 0 995, then p - 0.995/(1 0.995) 

= 199. Because a small change in a causes a large change in p, small manu 
facturing variations in transistors that are supposed to be of the same type 
cause them to have a wide range of p values. It is not unusual for transis 
tors of the same type to have betas that vary from 50 to 200. 

In terms of p, equation 4-6 becomes 


I c = P I B + 


CBO 


1 — a 


P Ir + (P + 1 )4bo 


or 


I C ~ ‘CEO 


(4-10) 


Although Iceo is much greater than I CBO , it is generally quite small in com 
parison to p/j^ especially in silicon transistors, a id i can be s i 

many practical circuits. Neglecting Iceo m equa o 10, we obta 5 
approximation I c = pi B . This approximation is widely used in transistor circuit 
analysis, and we will often write it as an equali y in u u e discussions, with 
the understanding that Iceo can neglected: 


Ic ~ P^b ( CEO ~ 0) 


(4-11) 
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A transistor has I CB0 = 48 nA and a = 0.992. 

1. Find (3 and I CF0 . 

2. Find its (exact) collector current when I B = 30 (j,A. 

3 Find the approximate collector current, neglecting leakage current. 

Solution 


1. 3 = 


a 


0.992 


•CEO ~ 


1 - a 
•CBO 

1 - a 


= 124 


0.008 
48_X_10 9 

0.008 


- 6 fiA or I rPn = 


CEO - (3 + 1 )I CB 0 = 6 (XA 


2 . 

3. 


k 

I n 


P4 + Iceo ~ (124)(30 (xA) + 6 fxA = 3726 ,xA = 3.726 mA 
p/a ~ 124(30 /xA) = 3.72 mA 


n 4 ®u! lls U I h ° W . tofind the P°fa transistor, gi 


as an exercise at the end of this rhan^r *•*'■''•’ given its a. It is left 

using the followingVetatl: P Sh ° W th « «"d e, given ft by 


a = — 


3 


3 + 1 


(4-12) 


^ At A tW 
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Sg“ to^r™ — P “ ~ by 100%, „ha^ J tleVeroeS 

Solution 

A 100% increase in 3 means that 3 increases from inn t n 900 t 

When p 100 and u, - value of u tvhen p - 200. From equatioi 4-12 


«1 = 


100 


«2 = 


100 + 1 
200 


= 0.990099 


^5oTT = °- 995025 


Thus, the percent change (increase) in a is 


ot> - a 


a 


i 


X 100°/ = 9 *"*^ 9 25 0.990099 

0.990099 X 100 % = 0.488% 


^0.488%)? 3 Change “ P (100%) corres Ponds to a small change in 


Common-Emitter Input Characteristics 

41 m Jk- 1 _ * 


ecause the input to a transistor in the CE ennfioi.rcri^ • 
to emitter junction (see Figure 4-17) the cf " f § , v, 1S across the bas( 
a family of fomard-biased diode curves A t^S ( eSemM 

.secs for an „p„ ,ra„ sis , or is shown jn Figu^4-W N ote^ 

tecombinations of injected 


Bipolar Junction Transistors 





fiA_ 

" BU 

b i 




40 

W - 

0 L 




Common-emitter 
input characteristics 


reduction in base current. In contrast to the CB input characteristics note 
in Figure 4-19 that the input current is plotted in units c tu J 

is of course, much smaller than either I E or I c (I B = VP)- e C in P l 
characteristics are often called the base cl aractenstics, 

C ommon-Emitter hr put C haracteristics 

Common-emitter output characteristics show co tec o rreot / c versus 

collector voltage V CE > for different fixed values of /«-1 hese chara tensti a e 

often called collector characteristics. Figure 4-20 shows a typicai sei c P 

characteristics for an npn transistor in the conig a o _ 

The approximate value of the 3 of the transistor can be determined c any 

point on the characteristic to Kgura 4-20 simply by d™dmg the vtouesyf, at 
the point. As iUustrated in the figure, at F ? ... 







































































































































































Chapter 4 


region of the characteristics where the transistor is operated. The region where 
the curves are approximately horizontal is the active region of the CE configu¬ 
ration. In this region, p is essentially constant but increases somewhat with 
as can be deduced from the rise in each curve as V CE increases to the right. 

As in the CB configuration, the collector current in the CE configuration 
will increase rapidly if is permitted to become large. When I B = 0 (base 
open), the collector-to-emitter current at which breakdown occurs is desig¬ 
nated BV CE(V The value of BV CEO is always less than that of BV cb0 for a given tran¬ 
sistor. BV ceo is sometimes called the “sustaining voltage” and denoted LV C eo- 

When interpreting the characteristics of Figure 4-20, it is important to 
realize that each curve is drawn for a small, essentially constant value of V BE 
(about 0.7 V for silicon). Figure 4-21 illustrates this point. Note in Figure 4-21 
that the total collector-to-emitter voltage (which is the same as V cc in our 
case) is the sum of the small, forward-biasing value of V m and the reverse¬ 
biasing value of V CB . Thus V& = V CB + V BEj or, for silicon, V CE = V CB + 0.7V. Thus, 
if V CE is reduced to about 0.7 V, V CB must become 0, and the collector-base junc¬ 
tion is no longer reverse biased. This effect can be seen in the characteristics of 
Figure 4-20. Notice that each curve is reasonably flat (in the active region) until 
V CE is reduced to around 0.2 V to 0.3 V. As is reduced further, I c starts to fall 
off. When V CE is reduced below about 0.2 V or 0.3 V, the collector—base junction 
becomes well fonvard biased and collector current diminishes rapidly. Remem¬ 
ber that V CB is negative when the collector-base junction is forward biased. For 
example, if V CE - 0 2 V, then V CB = V CE - V BE = 0.2 V - 0.7 V = -0.5 V. In keep¬ 
ing with our previous definition, the transistor is said to be saturated when the 
collector-base junction is forward biased.The saturation region is shown on the 
characteristic curves. The saturation value of designated ranges 

from 0.1 V to 0.3 V, depending on the value of base current. 

Notice in Figure 4-20 that when I B = 0, the collector current is the same 
as that which flows when the base circuit is open (see Figure 4-18), that is, 
I CE0 . The region below I B = 0 is the cut-off region. 

Comparing the CB output characteristics in Figure 4-14 with the CE out¬ 
put characteristics in Figure 4-20, we note that the curves rise more steeply 
to the right in the CE case. This rise simply reflects the fact we have already 
discussed in connection with the CE input characteristics: The greater the 
value of V CE , the smaller the base region and, consequently, the smaller the 
base current. But. because base current is constant along each curve in 
Figure 4-20, the effect appears as an increase in I c . In other words, the fact 
that there are fewer recombinations occurring in the base means that a 
greater proportion of carriers cross the junction to become collector current. 

It is apparent in Figure 4-20 that the characteristic curves corresponding 
to large values of I B rise more rapidly to the right than those corresponding 


FIGURE 4-21 V CE - V CB f 0.7 V for 
silicon. When V CE is reduced to 
about 0.7 V, then V CB ® 0 and the 
collector-base junction is no longer 
reverse biased 
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FIGURE 4-22 The Early voltage, 
V Ay is the intersection of the 
characteristic curves with the 
horizontal axis 



to small values of I B . If these lines are projected to the left, as shown in 
Figure 4-22, it is found that they all intersect the horizontal axis at approxi¬ 
mately the same point. The point of intersection, designated V A in Figure 
4-22, is called the Early voltage, after J. M. Early, who first investigated these 
relations. Of course, a transistor is never operated with Vce equal to the Early 
voltage. V A is simply another useful parameter characterizing a transistor s 
behavior. It is especially useful in computer simulation programs such as 
SPICE that analyze transistor circuits and require complete descriptions of 

transistor characteristics. 


A certain transistor has the output characteristics shown in Figure 4 20. 

1. Find the percent change in p as V CFl is changed from IV to 4 V while I B is 
fixed at 40 |xA. 

2. Find the percent change in (3 as I B is changed from 10 pA to 50 pA while 
Vce i s fixed at 3.5 V. 


Neglect leakage current in each case. 

Solution 


1. At the intersection of the vertical line V CE - 1V with the curve I B 40 pA, 
we find I c = 5.6 mA. Therefore, the p at that point is approximately 

(5.6 mA)/(40 pA) = 140. 

Traveling along the curve of constant I B - 40 pA to its intersection 
with the vertical line Vce = 4V, we find I c ~ 7.2 mA. Therefore, 
P = (7.2mA)/(40 pA) = 180. The percent change in p is 


180 - 140 
140 


X 100% = 28.57% 


2. At the intersection of the vertical line V CE = 3.5 V with the curve I B - 
10 pA, we find I c = 1.4 mA. Therefore, p = (1.4 mA)/(10 pA) = 140. 

Traveling up the vertical line of constant V CB — 3-5 V to its intersec¬ 
tion with the curve I B = 50 pA, we find I c ~ 7.3 mA. Therefore, p 
(7.3 mA)/(50 pA) = 146. The percent change in p is 


146 - 140 
140 


X 100% = 4.28% 


(Computer Generation of Characteristic Curves) Use SPICE to obtain a set 
of output characteristics for an npn transistor in a CE configuration. The 
ideal maximum forward p is 100 and the Early voltage is 100 V. The diarac 
teristics should be plotted for Vce ranging from 0 V to 15.0 V in 0.05-V steps 
and for I B ranging from 0 to 40 pA in 10-pA steps. Use the results to 

determine the actual value of p at Vce ~ 1° v and = 30 ^ 
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(Example 4-7) 


FIG U K E 4—23(B) (Example 4-7) 
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Solution ■ 

Figure 4-23(a) shows the circuit and the SPICE input file. Note that a constant- 
current source is used to supply base current. The transistor .MODEL state¬ 
ment specifies that 3 = 100 (BF = 100) and that the (forward) Early voltage 
VAF = 100 V. 

The .DC statement is the dc sweep command that causes V CE to be stepped 
in .05-V increments from 0 to 15.0 V and I B to be stepped in 10-pA increments 
from 0 to 40 p-A. The plot generated by the SPICE analysis and the Probe 
option is shown in Figure 4-23(b). Notice that at V CE = 15.0 V and I B = 20 |xA, 
it can be seen from the graphical plot that I c = 2.3 mA. Thus, 


I c 

e = / = 

2 b 


23 mA 
20 |jlA 


= 115 


Note how the slope of the curves increase for an increasing voltage value of 

Vce* This is due to the effect of the Early voltage 3 meaning that p increases 
with increasing V CE (and with increasing J B ). 

4-5 COMMON-COLLECTOR CHARACTERIS TICS 

In the third and final way to arrange the biasing of a transistor, the collector 
is made the common point. The result is called the common-collector (CC) con- 
guration and is illustrated in Figure 4-24. It is apparent in Figure 4-24(a) that 
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Vqe ~ Vcb + Vbe 

or V C b = V C e - Vbe • In ° ur case, V CE = V cc and V CB = V BB , so V BB = V cc V BH . 
Now V BE is the small, essentially constant voltage across the forward-biased 

base-to-emitter junction (about 0.7 V for silicon). Thus, 

V BB = Vcb ~ Vcc ~ 0*7 V 

Therefore, in order to keep the collector-base junction reverse biased 
( v CB > 0), it is necessary that V BB be larger than V cc 0.7 V. 

Figure 4-25 shows that the base-collector voltage is the input voltage 
and the base current is the input current. The emitter-collector voltage is the 
output voltage, and the emitter current is the output current. 

Figure 4-26 shows a typical set of input characteristics for an npn tran¬ 
sistor in the CC configuration. It is clear that these are not the characteris¬ 
tics of a forward-biased diode, as they were in the CB and CE configurations. 
We can see that each curve is drawn for a different fixed value of Vce and that 
each shows the base current going to 0 very quickly as V CB increases slightly. 
This behavior can be explained by remembering that V BE must remain in the 
neighborhood of 0.5 V to 0.7 V in order for any appreciable base current to 
flow. But, from equation 4-13, 

V BE = Vce - Vcb (4-15) 


■CUKE 4-24 Thecommon- 
,Hector (CC) bias configuration 
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FIGURE 4-25 Input and output 
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FIGURE 4-26 Common-collector 
input characteristics 
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Therefore, if the value of V CB is allowed to increase to a point where it i s 
the value of V CE , the value of V BE approaches 0, and no base current i| i 
In Figure 4-26, refer to the curve that corresponds to V CE = 5 V. Wh 
4 3 V, we have, from equation 4-15, V BE = 5 - 4.3 = 0.7 V, and we the 
expect a substantial base current. In the figure, we see that the poi 
4.3 V and V LE - 5 V yields a base current of 80 |xA. If V CB is now allowe 
crease to 5 then V BE = 5 — 5 = 0 V, and the base-emitter junctio 
longer forward biased. Note in the figure that I B — 0 when V CE = V CB = 
Figure 4-27 shows a typical set of CC output characteristics for an 
transistor. These show emitter current, 4> versus collector-to-emitter v 
v ce> for different fixed values of I B . Note that these curves closely rese ! 
the CE output characteristics shown in Figure 4-20. This resembla 

expected, because the only distinction is that I E in Figure 4-27 is alo g 
vertical axis instead of I c> and I E ~ I c . 

When leakage current is neglected, recall that I c = B I B . But / P = /,. + / 
= p I B + I B Therefore, 

4 = (P + 1)4 ( 4 - 16)1 

Equation 4-16 relates the input and output currents in the CC configuratio 


In our discussion of BJT theory up to this point, we have been using the word 
bias simply to specify the polarity of the voltage applied across each of the 
pn junctions in a transistor. In that context, we have emphasized that 
base-emitter junction must be forward biased and the collector-base i 
tion must be reverse biased to achieve normal transistor action. We wish noi 



FIG URF 27 ommon-collector output characteristics 


Ifl M 
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,0 adopt a more restrictive interpretation ~J"la7n S 

concerned with adjusting t e va tie o ’’ j n ot her words, we accept 

values of input and output currents and voltages. dtrea ion and 

the fact that both junctions must be biased mtte prope^ ^ ^ ^ 

concentrate on a practical means or it to be. When we 

current, we say that 

we have set the bias point to those values. 



In practical circuits. »e control the bias by 

series with v^e^'o control the dr input and 

resistor values instead of v0 8 . . t u e d ias point this way 

0U TdtS^ d it“«1 shows*common base bias circuits in which 

,s called a hrus| ser ies with th e emitter and a rests.or, R„ ts in 

a Sb fhe collect^ Notice that we still regard emitter current as input 

current and base-emitter voltage “ .SSctor current and 

the CB configuration (see Figure , difference is that the input 

collector-basejoltage^aresnlou .pn ^ & yoltage drop across 

V rJ and ^output voltage is no longerrtie “ m « 

couST SmSX a“e still perfectly valid for showing the 

relationships between input and loop in 

Writing Kirchhoff’s voltage law around the collector 

Figure 4-28(a), we have 

V C c = !c R c + Fcb 


Rearranging equation 4-17 leads to 




Whan we regard * and V„ 

that aquation 4-18 is the equation ofa "“f" *17,he I c axis at WRe 
fc-Ka axes, the line has .-ope o hj, load line has 

fxTt^sle ileSXon L the 

—re on the line. The 

I C - 0 in equation 4-18 and sol^g to«„ ^ draw „ supply by draw 

ing a line through the two points Vb - 0,4 - Fcc/Nc an t 
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FIGURE 4-28 Practical CB bias circuits 
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(Example 4-8) 


FIGURE 4-30 (Example 4-8) Load 

■ ine for the bias circuit shown in 
Figure 4-29 


■* ****** * 
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” --.-T * *** 



SSSTK li’ne eqUati0 ° ° £ l0ad “” e £ ° r the drcuit sh °'™ in H *“ re 4 


-1 

/ c = ^v; 


. Vcc 
/k ■ CB R, 


-1 


•v™ + 


20 


4 X 10 3 r CB 4 X 10 3 
= -2.5 X 10%, + 5 X 10 3 A 

The load line has slope -2.5 X 10 4 S, intercepts the / c -axis at 5 mA 
tercepts the V LB axis at 20 V. It is sketched in Figure 4-30. 


. W ® Can dete ^ m u lne the bias P° int by plotting the load line on the output 
w *, the t , ransistor used in th e circuit. To illustrate, the load line 

ist “ m ^ xa ™P le *- 8 is shown drawn on a set of CB output character- 
istics in Figure 4-31. 


FM* Load line plotted on 

CB output characteristics. The bias 
point (or quiescent point labeled Q) 
is the intersection of the load line 
with the I E 2 mA curve. 
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To locate the bias point on the load line shown in Figure 4-31, we must 
determine the emitter current I E in the circuit of Figure 4-29. One way to find 
I E would be to draw an input load line on an input characteristic and deter¬ 
mine the value of I E where the line intersects the characteristic. This is the 
same technique used in Chapter 3 to find the dc current and voltage across 
a forward-biased diode in series with a resistor, which is precisely what the 
input side of the transistor circuit is. However, this approach is not practical 
for several reasons, not the least of which is the fact that input characteris 

tics are seldom available. 

The most practical way to determine l E is to regard the base-emitter 
junction as a forward-biased diode having a fixed drop of 0 7 V (silicon) and 
solve for the diode current, the way we did in Chapter 3. Refer to Figure 4 32 
In Figure 4-32, it is evident that 



Note that we are neglecting the “feedback” effect of V CB on the emitter 
current. Also note that the positive side of V EE is connected to the circuit 
common, or ground, so it would normally be referred to as a negative voltage 
with respect to ground. However, in our equations, we treat V EE as the absolute 
value of that voltage. Returning to our example circuit of Figure 4-29, we 
apply equation 4—19 to find 


#■ 



(6-0 7) V 
2.65 kft 


2 mA 


In Figure 4-31, the bias point, labeled Q, is seen to be the intersection of the 
load line with the curve I E = 2 mA. At that point, I c =* 2 mA and V c $ — 12 V. 

The bias point is often called the quiescent point, Q point, or operating 
point. It specifies the dc output voltage and current when no ac voltage is 
superimposed on the input. As we shall discover in Chapter 7, the or ui 
used as an ac amplifier by connecting an ac voltage source in se les wi h th e 
emitter. As the ac voltage alternately increases and decreases, the emitter 
current does the same. As a result, the output voltage and current change 
along the load line over a range determined by the change in I E va ues 

Transistor input and output characteristics are useful for gaining insights 
into transistor behavior, and, when used with load lines, they help us visual 
ize output current and voltage variations. However, they are seldom used to 
design or analyze transistor circuits. One reason they are not is tha ransi 
tors of the same type typically have a wide variation in their characteristics. 
For that reason, manufacturers do not (cannot) publish a set of curves tha 
could be used for every transistor of a certain type. Furthermore, the a u 
racy that can be obtained using approximations and purely algebra 
methods of analysis (as opposed to graphical methocs) is almost always ade 

quate for practical applications. 

FIGURE 4-32 The input side of 
the transistor in a CB configuration 
can be regarded as a forward-biased 
diode for purposes of calculating I E 


We have already seen an example of this 
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EE 



















































































































































hapter 4 


kind of algebraic approximation, when we regarded the in , , 
lr a ns‘sto r as a forward-biased diode having a fixed voltage dr,. „ ° 

b ‘ aS C ‘ rCUit “ be ’s, Zl 

Because a = 1 and I c = oJ E , it is true that I c ~ I P Therefore n 
determined I H using equation 4-19, I E = (V BE - 0 7)/R f silicon ? T f 
good approximation for I c . We can then use equation 4^17 to solv* 


Vcb — V CC ~ IrR 


C IX C 


''“Vl V 


(4-. 


' r— , , v ^ «*, 

*■“ ' ***- r « hi 


-- - -- > . --*- - 


f V-. *** vj * , J ~ 

etermine the bias point of the circuit shown in Figure 4-29 with 
characteristic curves. B e zy without u 

Solution I 

We have already shown (equation 4-19) that 

/ = Ym. ~ 0*7) V 

Re 2.65 kfi 

Then, using / c ~ / E , we have from equation 4-20 

Voi = V cc - J c i^ c 

- 20 V - (2 X 10 3 A)(4 X 10 3 O) = 20 V - 8 V = 12 V 


= 2 mA 


i s that the bias point computed this way, I c 
same as that found graphically in Figure 4-31 


2 mA and V CB = 12 V, is t 


all tar r ar r e ' here are ,he four 'luations that can be used to solve lo 

Figure “ 28 (a)° UtPl “ CUrrenK Volta8<is ta tbe n CB bias ctait 


Vbe 

I. 




0.7 V (Si), 

V E E ~ V EE 

Re 

I E 

V cc ~ I c Rc 


0.3 V (Ge) 


(4-21) 


fuSudngtbsolute 7ues for V* tf P iSt ° rS <Rsure , 4 - 28 < b » b 

v \ i 5 L ,/* A’vTtm m thepnpcircuit of Figure 4-28(b),thei 

circuit t ie , . ' ^ mce tbe base terminal is common in thi 

Of ; 7 5 V ge rl S express f d with the base a s reference, i.e., as V 

i course, v CB ~ 5 V m this example. 

Common-1 mitter Bias Circuit 

Srnmo^m^r 5 P ? CtiC ^ MaS drCUitS f ° r npn and P”P transistors in tht 
X N0tiCe that bias use only a sin- 

L vofr«£ C T ° Se n S ° th3t the V0ltage dr °P a cross Rq is greater than 

reverse “r °7 er t0 keep the collector-base junction 

used to design a rp u- GC ° D °- va ^ ies ^ or and R c is part of the procedure 
a j- S a : E bias clrcmt , which we will cover in Chapter 7 

operationof ef d 1° Chapter 3 ’ k is im P°rtant to be able to visualize the 
ground paths shown because that is the usual practice. The schematic 
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(b) pnp Note. V BE and ce nega e 
for pnp transistors. 


Fl( - KE 4 _ ;;3 Practical CE bias circuits. Note: V BE and F C£ are negatwe for pnp 

transistors 


< •' 4-34 Schematic diagrams 
of the CE bias circuits shown in 
Figure 4-33, with ground paths 

omitted 



(a) npn 


-V C c 



(b) pnp Note Vre Vce m negalivt 

for pnp transistors 


diagrams in Figure 4-B3 are useful for 

shown. Figure ST Zc ZZ in F^ure U we will 

sssr»n in any r i,ted eroun<1 

paths whose presence. would e Sroutput loop in 
Figm'e ^n the equation ,r the load line of an 

npn transistor in a CE configuration: V cc - ISc + cf. 0 

v = ziV + Vcc (4-22) 

Ic R C V Rc 

Note the similarity of equation 4-22 io 

a graph of the ,ad hue 

^ h T s a fixed volta8e drop ’ as sh ° wn 

in Figure 4-36. From Figure 4-36, we see that 

_ Vcc ~~ Y be 

In n 


(4-23) 









































































































































Chapter 4 


rc 


'< " R ( y CF + 


r CC 

R c 


cc 


CE 


The CE load line for the 
bias circuit in Figure 4-34(a) 


v cc 




BE 


> 

V BE = 0.7 V (Si) 
V BE = 0.3 V (Ge) 


- ' - - - The input to an npn 

transistor in the CE configuration can be 

regarded as a forward-biased diode having 
a fixed voltage drop 


where V BE = 0.7 V for silicon and 0.3 V for germanium. Once again we 
neglect the feedback effect of V CE on I B (the effect shown in Figure 4-19) 
As m the case of the CB bias circuit, the CE bias point can be determined 
algebraically. The equations for an npn circuit are summarized as follows: 


= 


4 

VcE 


0.7 V (Si), 
Ycc ~ Vre 

Rb 

34 

v cc ~ i c R c 


0.3 V (Ge) 


** "1 


-4) 


Equations 4-24 can be applied to a pnp bias circuit (Figure 4-34(b)) as 

demonstrated in Example 4-10(b). 1 ;; 


Xfioo." tranSiSt ° r “ the CE bias circuit shown in Figure 4 " 37 < a > has 

1 . Assuming that the transistor has the output characteristics shown in 
Figure 4-38, determine the bias point graphically. 

2. Find the bias point algebraic ally 

, Repeat (1) and (2) when R B is changed to 161.43 kI2. 



* 
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€) 


■ Load line plotted on 

CE output characteristics (Example 
4-10). The bias point is shifted (into 
saturation) by the change in R B 


I c (m A) 


Qz 


4 = 70 V A 


4 = 60/1A 


4 = 50 fiA 




4^40/iA 

4= 30jiA 

— j ■ " _ i • m 

4 = 20 jlf A 
-- F 

\ / B = WftA 


Solution 

1. The equation of the load line is 


In = 


2 x 10 3 


Vce + 


12 

2 X 10 3 


= - 0.5 x 10 S V LE + 6 X 10 3 

The load line intersects the 4-axis at 6 mA and the V Ch axis at 12 V. It is 
shown plotted on the output characteristics in Figure 4-38. To locate the 
bias point, we find I B : 

(12 - 0.7) V 
Ib ~ 376.67 kil _ 30 

At the intersection of the I B = 30 pA curve with the load line, labeled Q, 
in Figure 4-38, we see that the bias point is 4 = 2.95 mA and - 6 V. 

From equations 4-24, we find 

V BE = 0.7 V 

(12 - 0.7) V 

Ib ~ 376.67 kn “ 30 ^ 


4 = (100)(30 p,A) = 3 mA 
Vce = 12 V — (3 mA)(2 kft) = 6 V 

These results are in good agreement with the bias values found graphically. 

3. Changing R B to 161.43 kfl has no effect on the load line. Note that the 
load line equation (4-22) does not involve R B . However, the value of I B is 
changed to 


(12 - 0.7) V 

/fl “ 161.43 kfl ~ 70 ^ 


Thus, the bias point is shifted along the load line to the point labeled Q 2 
in Figure 4-38. We see that Q 2 is now in the saturation region of the 
transistor. At Q 2 , I c = 5.7 mA and V CE 0.5 V. This result illustrates that the 
bias point can be changed by changing the value of external resistor(s) 
in the bias circuit. 
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Using equations 4-24 to find the new bias point, we have 


4 = 04 = (100)(70 |iA) = 7 mA (!) 

V CE = 12 V - (7 mA)(2 kfi) - -2 V (!) 

These are clearly erroneous results because the maximum value that 
4 can have is 6 mA, and the minimum value that V CE can have is 0 V 
The reason equations 4-24 are not valid in this case is that the b ias 
point is not in the active region. Remember that p decreases in the sat¬ 
uration region, and, in this example, can no longer be assumed to 

equal 100. (As an exercise, use Figure 4-38 to calculate the value of 
0 at Q 2 .) 

b. For the pnp silicon transistor circuit shown in Figure 4-37(b), determ ne 
the following (assume 3 = 100): 

1. Find the base current I B . 

2 . Find the collector current I c . 

3. Find V CE . 



Mil UI 


First examine Figure 4-37(b). Note that the currents and polarities of all 
voltages are indicated. V CE and V BE look the same as an npn. It is not neces¬ 
sary to write V CE as V EC and V BE as V EB . For a properly biased pnp circuit, these 
voltages will be negative (base-emitter junction forward biased and 
collector-base junction reverse biased). 

1. To solve for I B , write the KVL equation as follows: 

VrI7 = 0 


4 = 


Vrr + V, 


BE 


R 


B 


12.0 - 0.7 
376.67 kH 


= 30 (jlA 


2. To solve for 4, use the equation 


4 — 04 — 100 X 30 fjuA = 3 mA 

3. To solve for V CE , write the KVL equation as follows: 

“ Vcc + I c Rc ~ V CE = 0 V CE =-V cc + I C R C 

V CE = -12.0 + (3 mA)(2 kfl) 

Vce= -6V 

Note: V CE is a negative value as expected. Also note that I B and V CE have the 

same magnitude values as the npn circuit. This technique makes the analysis 
of npn and pnp circuits almost identical. 


Use SPICE analysis to find the bias points of the CE circuit shown 
in Figure 4-37. 


I URE 4-39 The 
circuit used in 
simulation for 

Ixample 4-11 


Solution 


The circuit is redrawn with the nodes for the SPICE analysis as shown in 
Figure 4-39. Ground is always listed as node 0 (zero). The listing for the .CIR 
file follows. The .DC command specifies that the simulation will step the VCC 
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voltage from 0.0 V to 12.0 V in 0.1-V increments. The .OP command is used to 
tell the SPICE simulation to calculate the operating point values. This va ue 

is available in the output (.out) file. 

Example 4”11 
VCC 3 0 DC 12.0 
Q1 2 1 0 NTRAN 
RB 3 1 377k 
RC 3 2 2k 

.MODEL NTRAN NPN BF=100 

.OP 

.END 

The following information was obtained by “Browsing” the output file (.out). 
Only a portion of the output file is listed. 

**** SMALL SIGNAL BIAS SOLUTION TEM ERATURE = 7.0 

NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 
(1) .8024 (2) 6.0596 (3) 12.0000 

VOLTAGE SOURCE CURRENTS 
NAME CURRENT 

VCC —3.000E-03 

OPERATING POINT INFORMATION TEMPERATURE = 27.000 DEG C 
BIPOLAR JUNCTION TRANSISTORS 

NAME Q1 
MODEL NTRAN 
IB 2.97E-05 
IC 2.97E-03 
VBE 8.02E-01 
VBC -5.26E+00 
VCE 6.06E+00 

The SPICE simulation results show that /„ - 29.7 p-A, 4 = 2.97 mA, and 
y — 6.0596 V. These values are in dose agreement with the results obtained 

Lb 

in Example 4-10. ________ 


The examples presented for common-emitter circuits use only a + V cc and 
ground connections. In some cases, it is desirable to power the circuit using a 
dual power supply (i.e„ + Vcc and ~V EE ). Examples of these circuits are shown 
in Figures 4-40(a) and (b) for npn and pnp circuits. Analysis of these circuits 
is possible by writing KVL equations along input and output paths. 


FIGURE 4-40 Common-emitter 
circuits using dual power supplies 





(b) pnp 














n vjfi 
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For the npn circuit in 4-40(a), I B can be obtained by writing the KVL 
requires that the KVL equation be written for the co^ectov-ernhSr cu^' 

loop as follows: V cc - I C R C - v CE + V EE = 0. CU1Tent 

by wridng e trK^for^he 4 h a 0(b)5 4 “ the Same ™nner 

-V - n 8 i f f f b e CUrrent lo °P as follows: - V cc + I B R B - v 

collector-emitter current loop as follows: - F cc + I C R C - y°™ - 0 


Common-Collector Bias Circuit 

Figure 4-41 shows common-collector bias circuits for npn and pnn transistor, 

Kirchhfff’ ln f 6 l0 . ad line f ° r Figure can be derived by writing 

Kin ho s voltage law around the output loop: 


Vcc ~ IeRe + Fee 

T - ~ 1 Tr V, 

4- v CE + 


cc 


R 


R 


-23 


e all that the output characteristics for the CC configuration are for all 
wifi nof 1 PU P ° SeS ’ th f S3me 38 th ° Se f ° r the CE configuration. Therefore we 
charririsdcT 1 3 ^ 6Xample ShOWing the load hne P lotted on output 

t S ^ the pr ®. vious configurations, we must find I B in order to determine 

r looTiX^t^te 1 : ht“ V “ Wridng KirChh °“' S V0 ' tage la ” 

Vcc = 4^4 + V RF + I P R 


£•*'£ 


By equation 4 16, I R - (0 + 1 )I B . Substituting for I E in equation 4-26, we obtain 


V cc = I b R b + V BE + (0 + 1)1 R 


or 


Solving for 4 , 


Vcc - V BE = I b [R b + (3 + 1 ) 1 ? £ ] 


4 = 


v cc - V, 


BE 


Rb + 0 + 1 )R 


+ R 


cc 


- Vi 


cc 




(a) npn (b) pnp 

onunon-collector bias circuits 



J l^L ME 4-42 A circuit equivalent to the 
input side of Figure 4-41 (a) 
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Summarizing, the equations for determining the bias point in an npn 
configuration are 





V BE = 

4 = 


Ip = 


0.7 V (Si), 0.3 V (Ge) 
Vcc ~ Vbe 

Rb + (P + 1)*£ 

Vr/' Vftp 

(p + l)4-~- ““4 


Re + 


R 


B 


V CE = Vrr ~ IrR 


CC 




In most situations, we are normally concerned only with the collector (or 
emitter) current and the collector-emitter voltage. So the approximation in 
equations 4-28 for I c or I E can give a quick answer without need for calculating 
I B . For a pnp CC bias circuit, use the absolute value of V co V BEy and V CHr 


mm, m- ^ “W * A V 1‘WB ' * 


a. Find the bias point of the germanium transistor in the circuit of Figure 4-43 
Assume that (3 = 120. 

Solution 

From equations 4-28, 


V BE = 0.3 V 


16 V-0.3 V 


66.105 nA 


V CE = 


116.5 X 10 3 a + 121 X 10 3 fi 
(121)(66.105 |jlA) = 8 mA (7,97 mA using the approximation) 

16 V- (8 X 10" 3 A)(10 3 11) = 8 V 


b. Determine the bias point for the pnp circuit shown in Figure 4-43(b) 
Compare your answers to part (a). 

Solution 

Write the KVL equations for the circuit shown in Figure 4-43(b) 

— Vcc V IbRb- V be - I e Re = ® 

-v cc + i b r b - v BE - O + 1)1 b r h = o 


l 


l 




1 


I 


FIGURE 4—43 

ample 4-12) 


116.5 kQ 


1 ktl 





ce 116,5 K 


+ 
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V cc h\ Rb + (P + 1 )R b - V BE = o 

/ = Vc c + V BE = 16 - 0 .3 

r b + O + 1)#£ 116.5 k + (121X1 k) 

= 66.11 jiA 

To solve for V CE : 

4 = (0 + 1)/ B = (120 + 1)66.105 /xA = 8 mA 
and 


v ce - '16 + (8 mA)(l k) - -8.0 V 


V C e is negative as expected. 

"°i? that \ he va 3 ue s obtained for the npn and pnp transistors are t 
same. These values should be the same because the same component val i - 
are used and the betas for each transistor are the same. The procLT us 

“ 1 lustrates the use of KVL with the appropriate signs to solve fc 
k and V C p In practice, we can simply write 



\Vcc\~\V BE 



and \V CE = V cc \ -I e R e 


Design is nothing more than “backwards” analysis. In other words using 
equations and formulas denved through analysis in order to find items such 

res,St ° K r a,ues and P° wer su PPly voltages. Although a bias circuit for the 
common base configuration can be designed using a single dc power supply 

d"c:.r s ;„ d r nIy "? e . tw °- source (h*™ ««. t P om t m 

discussion In the usual design scenario, the supply voltages V EE and Vrr are 

reTt / “ hT- mUSt I ch ° OS T e values for r e and R c to obtain a specified bias cur- 

for RVnd P T L ? ting Ic = r * equations 4-21 are easily solved 

tor k e and /? c in terms of I E and V EB : 



(4-29) 


practical discrete-circuit designs, it is often necessary to use standard- 
va ued resistors. T1 e standard values closest to the values calculated from 

xr„" s and thed r •*■ 

consideration in a particular application, it may be necessary to use preSSon 
resistors o to calculate the total possible variation that could arise from 

2 " a ‘ Ve 2 SPeCiKed tolerancc - The example demonstrates 



te“s2rn n a b svs e .em a h^ CUi !, iS “ be desiened tor “ ‘™sis,or to 

is to be Z - TZZ S ” PPUeS +15V a " d V The biaS 
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u 


1. Design the circuit, using standard-valued resistors with 5% tolerance. 

2. What are the actual bias values if the resistors selected have their nom 
inal values? 

3. What are the possible ranges of I E and V tB , taking the resistor toleram es 
into consideration? 


1. From equations 4-29, 

Re 

Rc 

Appendix B contains a table of the standard values of resistors having « 
and 10% tolerances. The standard 5% resistors with values closest o 
those calculated for R E and R c are E e = 3 kfl and R c = 5.1 kfl. 

I 

2. From equations 4-21, 


(5-0 7) V 


1.5 X 10 1 A 
(15-7.5) V 

1.5 X 10 3 A 


= 2867 11 


= 5000 fl 



(5-0.7) V 
3 kfl 


1.43 mA 


V CB = 15 V - (1.43 mA)(5.1 kfl) = 7.69 V 
jjjg ranges of possible resistance values for R E and Rc are 


£(mm) 


R e = 3 kfl ± 0.05(3 kll) = 2850 3150 fl 
R c = 5.1 kfl ± 0.05(5 1 kfl) = 4845-5355 fl 
Vpp — V BE _ (5 - 0.7) V 

3150 11 


— 1.365 mA 


R 


£(max} 


Eimax) 


V EE ~V BE = (5-0.7) V 

2850 11 


R 


- 1.509 mA 


£(mtn) 


ir 


— t r 




VcB(max) ~ ^CC 

= 15 V-(1.365 mA)(4845 fl) = 8.39 V 

We see that considerable variation from the desired bias point is possi 
ble when using standard-valued resistors. 


CE Bias Design 

In Chapter 7 we discuss the design of a voltage-divider bias ui * 
certain properties superior to the design shown in Figure 4-33. However, 
when simplicity and minimization of the number of components are the pri¬ 
mary considerations, the circuit of Figure 4-33 is used. Assuming the supp y 
voltage V cc is fixed, we solve equations 4-24 or R g and R c m erms 
desired bias values for I c and V CE : 



(4-30) 
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The practical difficulty with this design is that the bias point dej 
heavily on the value of (3, which varies considerably with tempe 
Also, there is typically a wide variation in the value of 3 among trans 
of the same type. Consequently, this design is not recommende 
applications where wide temperature variations may occur or for vol 
production (where different transistors are used). The next ex 
demonstrates this point. 


-+ f r« V* . v>- 

- V- **• 


-■'■■'A I J WWI * t■ 


***■'’► h>. 


An npn silicon transistor having a nominal (3 of 100 is to be used in a CE c 
figuration with V cc = 12 V. The bias point is to be I c = 2 mA and = 6 

Design the circuit, using standard-valued 5% resistors. 

Find the range of possible bias values if the (3 of the transistor can cha 
to any value between 50 and 150 (a typical range). Assume that the 
resistors have their nominal values. 

Solution I 


1. From equations 4-30, 


r b = 


Rr = 


(12-0.7) V 


2 X 1(T 3 A/100 
(12-6) V 


= 565 kfl 


2 X 10" 3 A 


= 3kfl 


From Appendix B, the standard 5% resistors having values closest 
those calculated are R B = 560 kfl and R c = 3 kfl. 

From equations 4-24, 


h = 


(12 - 0.7) V 


= 20.18 pA 


*C(mm) 

^C(max) 

VcE(min) 


1.01 mA 
3.03 mA 


V, 


CE(max) 


560 kfl 

Pf min/B = 50(20.18 pA) = 

= 150(20.18 pA) = 

Vcc “ Ic(max)Rc 

12 V - (3.03 mA)(3 kil) = 2.92 V 
Vcc ~ Iqminftc 

12 V - (1.01 mA)(3 kO) = 8.97 V 


In most practical applications, the possible variation of V CE from 2.92 
to 8 97 V would be intolerable. 


CC Bias Design 

To obtain resistor values for the common-collector bias circuit (Figure 4—4 
we solve equations 4-28 for R E and R B in terms of the desired bias values 

and V CE : 
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R 


I 

l C sati 



ov 


saturation 




V CEisun 

= 0V 


cuu 


r= 


Mf hen the input to the inverter is high f+5 V) the rrancW^ * 

saturated and its output is low (= 0 V). When the input to the inverter is low 
transistor is cut off and its output is high. low * th 


/? B anti R ! c are chosen (designed) so that the amount of base current 
enough to saturate the transistor, that is, to drive it into the 

~ ? ° U f tPUt C . haraCteristics - Fi « ure 4-45 shows a load line plottl 

°T S - N ° te ^ ^ ^ ° f correspond ig* m 

oadUneofT^^ equal “> *e inter™ 3 

s d ui? s ■: aTo W du s t a p n u?r«i“ shown that a high input to the ( • 

Wh n the input to the transistor is low, that is, 0 V, the base-emitte 

lecddcurentTo apP ? led Il t0 S ° n ° base current > and hence no cJ 

follows that V L?; J 1S ’ therefore » no voltage drop across R 0 and ] 

subs it,, tin! tB n b u he Same 38 Vcc: +5 V11118 is made evident b 

substntuting I c = 0 in the equation for VcE (equation 4-24): VcE = V cc - 1 

f ■ ' t ! 1 cc * n iBls situation, the transistor is in the cutoff regioi 

° f ° u r C ^ an,C ' eriStiCS - aS ShM,n in ^ 5 . b 5 6 

resnits in a Wsh ° u,put - Md “"«»»•>*,<>»* w» 
tnis circuit is called an inverter. 

designing and analyzing transistor inverters, it is usually assumed thai 

lead to recuhft) 13t CE< f‘j ^h ese are very good approximations and 
assumD * ^ f ° r m ° St Practical a PPhcations. Under these 

tor inTr^ pI I Y denVC the volt age-current relations in a transis 
of th S Be cause the transistor is cut off when the input is low, regardless 

when thf a, I. d f ° u equations we wm st ady are those that apply 

equations are Precisely those we have 
y ived for a CE transistor, for the special case 1—1 Thus 
assuming saturation exists, c ~ Ic(sat) ‘ 


OFi 


Ir = I, 


V, 


cc 


C(sat) 


R, 


(4-32) 


4 = 


4(sot) V ( 


cc 


3 3*c 


(4-33 


4 = 


V a -v, 


BE 


R 


(4-34) 


B 


W e ” w is the hi § h level oi the input voltage, usually the same as V cc . 
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FIG 11 




(Example 4-16) 


5 v 



Regarding Equation 4-33, some books use the notation I B \sat 
I B is the minimum I B necessary for saturation. 


^Osat} 

P 


where 


M Mi W.A. 1 fc A- 


Verify that the circuit in Figure 4-46 behaves like an inverter when the input 
switches between 0 V and +5 V Assume that the transistor is silicon and that 
p - 100. 


Solution 

It is only necessary to verify that the transistor is saturated when V t - +5 V 
From equation 4-34. * 


h = 


(5-0 7) V 
100 kfl 


= 43 pA 


Then 


l c = = 100(43 pA) = 4.3 mA 


and 


V CE = s - (4.3 mA)(5 kfl) = 5 - 21.5 = -16.5 V 


A negative V CE indicates that the transistor is indeed in saturation and that 

V cc 

T — T « 

CE sat) 


V C e = V CE S at) - 0 V, and I c = Iosat ^ = 1 mA. We could have concluded that 


R 


the transistor was in saturation by calculating 7 c ^- af) ** V cc /R c and comparing 
it to the calculated I c of 4.3 mA. When I c ~ 0J B is greater than I c ^t * satura¬ 
tion occurs. We can also determine saturation by comparing base currents. 

V cc 

The minimum base current necessary to saturate is I B — _ . In this exam 


pie. 


V 


cc 


P Rb 

* 

= 10 pA. Since I B = 43 pA > 10 pA, the transistor is in 


PR C 100(5k) 

saturation. If we changed R B to, say, 750 kfl, the resulting base current would 
be 5.73 pA and the transistor would not be saturated. J he collector current 
would then be 0.573 mA and would be 2.13 V. 


Jive iter Design 

To design a transistor inverter we must have criteria for specifying the val¬ 
ues of R d and R c . Typically, one of the two is known (or chosen arbitrarily), 
and the value of the other is derived from the first. Using equations 4—33 and 
4-34, we can obtain the following relationships between R B and R c : 


Rb = 


Vhj-V, 


BE 


(v Hl -v BE m c 


B 


V. 


(4-35) 


cc 






























































Chapter 4 


p _ V CC^B , ^ 

Rc ~MV H ,-v„) '~- 6 ' 

Equation 4-35 can be used to find R B when R c is known, and equation 4-36 
to find R t when R B is known. However, because these equations are valid 
only for a specific value of p, they are not entirely practical. We have already 
discussed the fact that the p of a transistor of a given type is likely to vary 
over a wide range If the actual value of p is smaller than the one used in the 
design equations, the transistor will not saturate. For this reason, the p used 
in the design equations should always be the smallest possible value that 
might occur in a given application. In other words, equations 4-35 and 4-36 
are more practical when expressed in the form of inequalities, as follows: 

„ _ {Vhi - V BE )$R c 

R b - - 77 - i ) 

v cc 


Rr> 


VccRb 

HVm ~ Vbe) 


33) 


These inequalities should hold for the entire range of p-values that transis¬ 
tors used in the inverter may have. This will be the case if the minimum 
possible p-value is used. 

We should note that when a transistor has a higher value of p than the 
one for which the inverter circuit is designed, a high input simply drives it 
deeper into saturation. This overdriving of the transistor creates certain 
new problems, including the fact that it slows the speed at which the device 
can switch from ON to OFF, but the output is definitely low in the ON state. 
The results from Example 4-16 indicate an overdriving condition, because 
I B was about four times larger than the minimum required. In practice, how¬ 
ever, a moderate amount of overdriving is normally used in order to main¬ 
tain a low V CE(sat) . 


An inverter having R c = 1.5 kfl is to be designed so that it will operate 
satisfactorily with silicon transistors whose p-values range from 80 to 200. 
What value of R B should be used? Assume that V cc = V H1 = +5 V. 

Solution 

Using equation 4-35 with p = P (min) = 80, we find 

„ ( V HI ~ V B E)P(min)Kc (4.3)(80)(1.5 kfi) 

R,S vZ -5 

An actual value of 100 kfl would be appropriate. 

The Transistor as a Switch 

A transistor inverter is often called a transistor switch . This terminology is 
appropriate because the ON and OFF states of the transistor correspond closely 
to the closing and opening of a switch connected between the collector and the 
emitter. When the transistor is ON, or saturated, the voltage between collector 
and emitter is nearly 0, as it would be across a closed switch, and the current is 
the maximum possible, V cc /R 0 When the transistor is OFF, no current flows from 
collector to emitter and the voltage is maximum, as it would be across an open 
switch. The switch is opened or closed by the input voltage: A high input closes 
it and a low input opens it. Figure 4-47 illustrates these ideas. 


= 103.2 kfi 
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FI CURE 4—47 The transistor as a 

voltage-controlled switch. A high 
input closes the switch and a low 
input opens it. 



transistor saturated 


V rr 



switch ON (closed) 



transistor cutoff switch OFF (open) 


FIGURE 4--4S The BJT inverter 
interfaced to a relay. V* is a TTL- 
level logic voltage. 


+-V (T 12 V) 



In many switching applications, the emitter may be connected to another 
circuit, or to another voltage source, instead of to ground. When analyzing 
such complex digital circuits, it is quite helpful to think of the transistor as 
simply a switch, for then it is easy to understand circuit operation in terms of 
the collector circuit being connected to or disconnected from the emitter cir 
cuit. For example, if the emitter in the basic inverter ctrcu.t »“e “nnected 
to -5 V instead of ground, then the output would clearly switch between 

+5 V and-5 V instead of between+5 V and 0 V. 

A popular use of the BJT inverter is for interfacing logic signals to electro¬ 
mechanical devices such as relays. BJT transistors interface well to relays 
because they can easily sink the required current to fully turn on a ^lay s m g 
netic coil. A schematic of a BJT interfaced to a relay is shown m Figure 4-48 

The input to this circuit is a digital logic signal. The logical high-level \ olt 
age in digital signals varies considerably. Do not assume that a logical high 
is § 5.0 V. Many of the new digital systems are using 3.3 V for a logical high. 
Also, for TTL 5.0-V logic systems, a logical high voltage can vary from 2. 
to 5.0 V. When in doubt, measure the voltage level of your system. Second, 
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relay should turn on when the logic level is “high ,” and, accordingly, the rel; 

W f ' turn . off when the input logic level is “low.” The following is a summ 
of considerations for designing the relay interface: 

1. TTL logic levels are not exact. 

2 on/off St ° r SWitChing Speed is not usuaU y an issue when turning a relay 

3. The 0 of the t:ansistor is not usually known unless you take time to 
measure it u 


1 Determine the ogic-level voltage you want for the transistor and relay to 

turn on. This should be some value that the logic level is guaranteed to 

reach. For a 5.0 V TTL system, 3.0 V is usually a guaranteed value!S you 

select a value such as 4.5 V, the transistor might not fully saturate, which 

could cause the relay coil to not fully energize. This could cause erratic 
behavior of the relay. 


2 Recall that m many cases, the (3 of the transistor is not known. Of course 

the user could set up a test or use a curve tracer to extract the p value for 

calcu atmg R 0 For typical TTL logic levels, a resistor of about 1 kfi to 
5 kfi for R b works very well. 


3. When the input logic level is low, the transistor will be placed in the cut¬ 
off condition </ c = 0). This is called the open collector condition. To fully 
turn off the relay, a pull-up resistor (R c ) is connected across the relay. 


4. When the transistor is ON, a current will be flowing in the magnetic coil. 
Recall that inductances store energy in terms of current. When the 
transistor is tu ned OFF, the coil will attempt to de-energize through the 

Whldl Can lead tG 3 si S nifica ntly large voltage spike 
(transient). This transient can cause glitches in logic levels and can 

damage the circuits. This problem can be minimized by placing a 

2Is r n dbl n Se . d dl ° de {Dl) 3CrOSS the coil of the rela y> as shown in Figure 
4-48 D, will clamp any voltage on the collector to a maximum value of 

0.7 V by providing a low-resistance path for the coil to de-energize. The 

diode are also quick reacting, and the junction capacitance in the 

diode helps to suppress the back EMF induced by the de-energizing coil. 


Q, is used to turn the relay on/off. Recall that when Qj is saturated, V CP = 0 1V 

f ° r r6layS 50 or le “ s « the 

is shownTn Figure It ^ ™ The circuit 


4-9 TRANSISTOR TYPES, RATINGS, AND SPECIFICATIONS 


annl °«Ho ' Ie c } rcuits ’ discrete transistors are used primarily for 

ap h ations m which only one or a small number of devices are required and 

in applications where substantial power is dissipated. Although older 

designs, composed entirely of discrete devices, can still be found in large 

numbers, most new circuits containing a large number of transistors are con- 

!? mt6gra ed ‘ clrcmt form - In many applications, both discrete and 
integra ted components are used. In these applications, the integrated circuit 

typically performs complex, low-level signal conditioning, and a discrete tran- 

s stor then drives a power-consuming load such as an indicator lamp or an 

* Sp aken Thls use of the transistor is an example of interfacing; it 


Bipolar Junction Transistors 





TO-204 (TO-3) 
PACKAGE SUFFIX A 


TO-205 (TO 39) 
PACKAGE SUFFIX B 


Q«H 


0 4 V 0 


4\ 


0440 
S 470 





All D mi/UKPU >n Mdtvt 
{Ail Di'^eniiOm « 


All Otmtrtitoni m Inches 
{Alt Dimensions m Mtthmeteni 


TO*220 

PACKAGE SUFFIX D 


5 s lJLj 


r 


* 4 F 

i fi * 


M* * 

Tl 


Mi 1 * fi - 

m tt 


m » 

» m 




T 

_ W. _ t 

-i9 tt H 

— 

rj 

1 -- 

1 

•m* \ 


1 a * Tl ' 

. 1 

= 1 1 



AH Diffwfwem Ifiditt 

At - 1 D 

TO-770AB 


TO-92 16 (WITH TO 18 LEAD FORM) 
PACKAGE SUFFIX C 



flQP y-if 




o m 

4 i* 
ftp 



V H 


HN 


■ m 
7* 


uaos ro Mt tmo 

— D.^011 


Alt 0 mtntKmi m indm 
A Q rr**ti ont 


0 (JMi 

0 Itf 4 t*i 



aorro*1 V IW 



FIG , x L - i v A few of the standard transistor case (enclosure) types with O designations (old 
JEDEC) numbers in parentheses (Courtesy of Siliconix Inc ) 


provides a link between a device having limited power capabilities and a 
load that requires large voltages or currents. 

Discrete transistors are packaged in a wide variety of metal and plastic 
enclosures (cases). Figure 4-49 shows some of the standard case types, which 
are identified by standard TO numbers. Three leads are brought out through 
each enclosure to permit external connection to the transistor’s emitter, base, 
and collector. In some power transistors, rated for high power dissipation, the 
collector is attached and electrically common to the metal case. (The ma or- 
ity of the power dissipated in a transistor occurs at the collector-base junc 
tion, since the collector voltage is usually the largest voltage in the device.) 
A transistor manufacturer uses a consistent scheme that can be followed to 
identify the base, emitter, and collector terminals for a given case type. For 
example, in the TO-39 case, the three leads are attached in a semicircular 
cluster and a metal tab oh the case is adjacent to the emitter The base is the 
center lead in the cluster, and the collector is the remaining lead. 

A discrete transistor of a specific type, having registered JAN (military) 
specifications, is identified by a number with the prefix 2N. Although all 
transistors having the same number may not be identical, they are all 
designed to meet the same performance specifications related to voltage and 
current limits, power dissipation, operating temperature range, and para¬ 
meter variations. More than one manufacturer may produce a transistor with 
a given 2N number. Many manufacturers also produce “commercial”-grade 
devices that do not have 2N designations. 

Figure 4-50 shows parts of a typical set of manufacturer’s transistor 
specifications. The maximum ratings show the maximum voltages that each 
device can sustain between different sets of transistor terminals and the 
maximum power dissipation, P D , at 25 C The effect of temperature on 
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Kt 

Typical transistor 
specifications for electrical (dc) 
characteristics and beta ( h rE ) 
variation (Courtesy of ON 
Semiconductor) 


MPS2222, MPS2222A 

MPS2222AU ■ P»f«n*d Davict 

General Purpose 

Transistors 

NPN Silicon 
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transistor specifications will be covered in detail in Chapter 16 (Sectio 
16-3) A transistor circuit designer must be certain that a transistor used in 
a particular application will not be subjected to voltages or power disstpa 
tions that exceed the specified maximums; failure to do so may result in 

severe performance degradation or permanent damage. 

The graph labeled “DC Current Gain” shows how P varies with V CE , 
junction temperature (2», and collector current. (In the CE configuration 
current gain is the ratio of output current to input current, or l c H B , which 
is approximately p. As we shall learn later when h parameters are dis¬ 
cussed, P is also designated by h FE .) The chart illustrates a typical transis¬ 
tor characteristic: For a fixed collector current, the value oj p increases with 

mC The7lecZ^Mracteristics listed in Figure 4-50 show important transis¬ 
tor parameters associated with the dc operation of each device. Included are 
breakdown voltages and reverse leakage currents (called cutoff currents 
in the specifications). Notice that the breakdown voltages previously 
referred to as BVcbo and BV CE0 are listed as V BR<CB o) and V BRK eo» respective y. 

Figure 4-50 does not show some other specifications that are usually ur- 
nished by a manufacturer, including small-signal characteristics. Sma - sl g n£ * 
characteristics are associated with the ac operation of a transistor, which 
we wiU cover in Chapter 7. Other specifications often furnished by the 
manufacturer include graphs showing additional parameter variations with 

temperature, voltage, and current. 


4-10 TRANSISTOR C URVE TRACERS __ 

We have mentioned that characteristic curves are seldom included in Iran 
sistor specifications. These vary widely among transistors of a given type 
and are rarely used for circuit design purposes. However, in areas such 
as component testing, preliminary circuit development, and research it 
is often useful to be able to study the characteristic curves of a single 
device and to obtain important parameter values from the curves. Recall 
that parameters such as a, P, BV cbo > BV cE( h leakage currents, sa u ” 
voltages, and the Early voltage can be discerned from appropriate 

Cha ^Themost widely used method for obtaining a set of characteristic curves 
is by use of an instrument called a transistor curve tracer. A curve tracer is 
basically an oscilloscope equipped with circuitry that automatically steps the 
currents (or voltages) in a semiconductor device through a range of values 
and displays the family of characteristic curves that result. Selector switches 
allow theuser to set A. maximum value and .he incremen. (step) valueof 
each current or voltage applied to the device. For example, to obtain a family 
StSor collector chiac.ensucs, .he user migh. se. .he base conen 
increment to be 10 pA, the maximum collector voltage tobe25 V, an 
number of steps to be 10. The characteristics won d then be (hspiayedasa 
f amily of curves showing I c versus Vce for h = 0. 10 ^ A ’ 20 p.A,.... Figure 

4-51 shows two typical curve tracers. 

Figure 4-52(a) is a photograph of a curve tracer display showing typ- 

cal set of npn collector characteristics. The horizontal sensitivity of the 

display was set for 2 V/division, so the horizontal axis (Vce) fr °“ ° “ 

about 13 V. The vertical sensitivity was set for 1 mA/dmsion, so the vertical 
axis (I c ) extends from 0 to about 6.5 mA.The base current increment is 10 pA. 
Using this display, we can determine, for example, that the p of the transis¬ 
tor at Vce = 4V and I B = 40 pA is approximately 
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Two typical curve 

tracers (Tektronix Models 370B and 
1 IB) (Courtesy of Tektronix, Inc.) 







(a) Horizontal: 2 V/div 
Vertical: I mA div 
A4 = 10 mA 


1 f' ] 

* H 1 

1 li V 

flii 1 


Photographs of curve tracer displays 


(b) Horizontal: 2 Wdri 
Vertical: 0.2 mA/div 
A/ g = 2 t±A 


o = [c = 3 mA 
P I B 40 pA 


= 75 


The curve tracer from which this display was obtained permits the user to 
select a value of series collector resistance (R c ), which, for the display shown, 
was set to 2 kfl. Notice that the base current curves become shorter with 
increasing current. An imaginary line connecting the right-hand tips of each curve 
represents the load line for the circuit. This load line is seen to intersect 
Tar axis 13 ¥ and the 4-axis at 6.5 mA. Thus, the value of I 7 CC used in this cir¬ 
cuit is 13 V, and the load line intersects the 4-axis at the value expected: 



13 V 
2 kfi 


6.5 mA 


One convenient feature of a curve tracer is that it permits a user 
expand or contract the display in different regions of the characteris 
curves by adjusting the sensitivity and range controls. 
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(a) Horizontal: 10 V/div (b) Horizontal 0 2 V/div 

4-53 Curve tracer displays of diode characteristics 


Figure 4-52(b) shows collector characteristics of the same transistor 
when the curve tracer settings are adjusted to generate larger values of V CE . 
In this example, the horizontal sensitivity is 2 V/division, the vertical sensi¬ 
tivity is 0.2 mA/division, and the base current increment is 2 pA With these 
settings, the breakdown characteristics are clearly evident. For example, at 
4 = 12 pA and V CE - 12 V, it can be seen that the transistor is in its break¬ 
down region and that the collector current is approximately 0.84 mA 

Most curve tracers can be used to obtain characteristic curves for devices 
other than transistors. Some even have special adapters that allow the testing 
of integrated circuits. Figure 4-53 shows photographs of diode characteristics 
that were obtained from a curve tracer display. The forward and reverse 
characteristics are shown in Figure 4-53(a), with a horizontal sensitivity 
of 10 V/division. It can be seen that the diode enters breakdown at a reverse 
voltage of about 25 V. With this scale, the forward characteristic essentially 
coincides with the vertical axis. However, when the sensitivity is set to 0.2 V/ 
division, the forward characteristic appears as shown in Figure 4-53(b) and can 
be examined in detail. (The origin of the axes is at the center of the display) 
We see that the knee of the characteristic occurs at about 0 62 V, and there is 
sufficient detail to compute dc and ac resistances in the forward region 


4-11 BJT CIRCUIT ANALYSIS WITH ELECTRONICS 
0RKBENCH MULTISIM 


This section examines the use of EWB to simulate a transistor switch circuit. 
The transistor switch circuit is probably one of the most useful functions of 
a discrete BJT transistor. The transistor has plenty of drive current capabil¬ 
ity for driving most relays or even providing level conversion. For example, a 
signal that switches between +24 and ground can easily be converted to a 
+3.3/0.0 switching voltage level using a discrete BJT transistor This section 
demonstrates how to simulate this circuit with EWB. 

This chapter introduced the basic concepts of transistor operation. The 
student learned that the BJT transistor has three modes of operation: cutoff, 
active, and saturation. The BJT switch operates primarily in either the cutoff 
or saturation regions. In the cutoff region, I c = 0 and V CE = V co In the sat 
uration mode, I c ~ V cc /R c and V CE = 0.0 V. You also learned that resistor val¬ 
ues of 1 kfl work well for R B and R c in most applications The objective of this 
section are as follows: 
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Use EWB to construct a BJT switch circuit and verify that the circuit 
switches between the specified voltages. 

Develop an understanding on how to set the probe threshold voltage 
vakue and set the pulse parameters on a pulse voltage source. 


rn nm? , Clrc . ult . Ch4_EWB.msm found in the Electronics Workbencl 
CDjROM packaged with the text. This file is the simple switch circuit (showi 
in figure 4 54) containing a +24-V input switching signal, a 2N2222 B TT-NPK 
transistor +3 3 V voltage source, two 1-kfl resistors, and a Multisim probe 
<■ X1) that has been triggered to turn on at 3.3 volts. 

The settings for the probe are obtained by double-clicking on the probe 
icon, selecting the value tab, and then setting the threshold voltage to 3.3 V 
(figure 4-55). The menu for setting the probe values is provided in Figure 4-56. 


FIGLRE 4—55 The threshold 
voltage menu 
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FIGURE 4-56 The menu for 
setting the pulse voltage values 


Pulse Voltage 


Label I Display Value j Analysis Setup I Fault 



Initial Value J 

v ±1 

Pulsed Value J24 

V 3 

r Tolerance | : 
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nsec ~ri 
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msec 

Period |10 

msec 
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Rspla 


OK 1 Cancel 

Into 

Help 





The input pulse signal is set by double clicking on the input pulse source. 
Next, click on value and set the initial and pulsed values ] n this example, the 
initial value is 0 V and the pulsed value is 24 V- EWB also provides settings 
for the rise and fall time, pulse width, and period. 

An oscilloscope (XSC1) is attached to the output to show that the sig 
nal is indeed switching. An example oscilloscope trace is provided in 
Figure 4-57. 


FIG CPE -5T The oscilloscope 
trace for the input signal and the 
output of the switching circuit 
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Is this the expected result? The input voltage is switching between 0 a 
+ 24 V. The output is switching between 0 and 3.3 V. It appears that the desig 
objective has been met. 


SUMMARY 

ii I !■ II ■ ■■■ r *HH ■ ■* ** W ■****- —- — - - -■ — - - T im ■inimw mi - n _ , t_ „ ^ ■ 

This chapter has presented the basics of the BJT transistor. Students should 
have mastered those concepts and skills: 

& Basic circuit analysis techniques. 

Identifying the transistor mode of operation. 

The basics of transistor curves. 
m How to use the BJT switch in a circuit. 


EXERCISES 


SECTION 4-2 

Theory of BJT Operation 


SECTION 4-3 

Common-Base Characteristics 


In a certain transistor, the emitter cur¬ 
rent is 1.01 times as large as the collector 
current. If the emitter current is 
12,12 mA, find the base current. 

A (conventional) current of 26 pA flows 
out of the base of a certain transistor. 
The emitter current is 0 94 mA. What 
is the collector current and what 
kind of transistor is it (npn or pnp)? 
Draw a transistor symbol and label all 
current flows, showing directions and 
magnitudes 

In a certain transistor, 99.5% of the carri¬ 
ers injected into the base cross the 
collector-base junction. If the leakage 
current is 5 0 pA and the collector current 
is 22 mA, find 

(a) the exact a 

(b) the emitter current, and 

(c) the approximate a when I CB0 is 
neglected. 

4-4 A germanium transistor has a surface 
leakage current of 1*4 pA and a reverse 
current due to thermally generated 
minority carriers of 1.2 nA at 10°C If a = 
0 992 and I E = 0.8 mA, find I c at 10°C and 
at 90 C. (Assume that surface leakage is 
independent of temperature ) 

4-5. Using equation 4-2 and neglecting I CB0 , 
derive the following approximation: 
ifl ~ (1 oO^E" 




A certain transistor has the CB input 
characteristics shown in Figure 4-11. It is 
desired to hold I E constant at 9.0 mA 
while V CB is changed from 0 V to 25 V. 
What change in V BE must accompany the 
change in V CB ? 


A transistor has the CB input character¬ 
istics shown in Figure 4-11. If a = 0.95, 
find I c when V BE = 0.72 V and V CB = 10 V. 


SECTION 4-4 

Common-Emitter Characteristics 

4-$. A transistor has an a of 0.98 and a collector- 
to-base leakage current of 0.02 pA. 

(a) Find its collector-to-emitter leakage 
current. 

(b) Find the p of the transistor. 

(c) Find I c when I B = 0.04 mA. 

(d) Find the approximate Io neglecting 
leakage current. 

4-9. A transistor has I CB0 = 0.1 pA and 
l CEO = 16 pA. Find its a. 

4-10. Derive the relation a = p/(p + 1). (Hint: 
Solve equation 4-8 for a.) 

4— . Under what condition is the approxima¬ 

tion I CE0 « p I CB0 valid? 

4—12. A transistor has the CE output character¬ 
istics shown in Figure 4-20. 

(a) Find the emitter current at V CE = 5 V 
and I B - 50 pA. 
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Find the a at that point (neglecting 
leakage current). 

npn transistor has the CE input char- 
teristics shown in Figure 4-19 and 
= CE output characteristics shown in 

Figure 4-20. 

fa) Find I B when V BE = 0.7 V and 

V CE = 20 V. 

) Find the (3 of the transistor at V CE = 
6.0 V and I B + 20|xA (neglecting leak¬ 
age current). 

Using graphical methods, determine the 
approximate value of the Early voltage 
for the transistor whose CE output char¬ 
acteristics are shown in Figure 4-58. 

In a certain experiment, the collector 
current of a transistor was measured at 
different values of collector-emitter volt¬ 
age, while the base current was held con¬ 
stant. The results of the experiment are 
summarized in the following table: 


h = 

100 pA 

VcE 

Ic 

5 V 

15 mA 

10V 

16 mA 

15V 

17 mA 

20 V 

18 mA 


I B = 

200 pA 

Vce 

Ic 

5 V 

30 mA 

10V 

32 mA 

15V 

34 mA 

20 V 

36 mA 


7b ~ 

300 pA 

Vce 

Ic 

5 V 

45 mA 

10V 

48 mA 

15V 

51 mA 

20 V 

54 mA 


Plot the experimental data and graphi¬ 
cally determine approximate values for 
the following: 

(a) 3 at V CE = 8 V and I B = 100 p,A, 

(b) 3 at V CE = 14 V and I B = 250 |xA, and 

(c) the Early voltage. 



(Exercise 4-14) 


SECTION 4-5 

Common-Collector Characteristics 

A certain transistor has the common 
collector output characteristics shown in 
Figure 4-27 Neglecting leakage current, 
find approximate values for 

(a) p at V CE - 12 5 V and I B ~ 20 pA, 

(b) I E at V CE - 12 5 V and I B = 45 pA, and 

(c) a at V CE - 2 5 V and I B = 70 pA. 

Prove that equation 4-16 is equivalent to 

Ie ~ W( 1 ~ °0* 


SECTION 4-6 

Bias Circuits 

m 

4-1$ Determine the equation for the load line of 
the circuit shown in Figure 4-59. Sketch the 
line and label the values of its intercepts 

In the circuit of Figure 4-59 find 

(a) I c when V LB - 10 V, and 

(b) V LB when J c = 1 mA 

i-Z'- In the circuit shown in Figure 4-60, find 

(a) I c when V BC = 20 V, and 

(b) V Rl when I c = 4.2 mA 


2 2 kn 



1.3 kO 

- 

15 V 





FIGURE 4-59 (Exercise 4-18) 


4.7 kfl 


10 kU 




30 V 


20V 
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FIGURE 4-60 (Exercise 4-20) 
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(Exercise 4-21) 

The silicon transistor shown in Figure 4-61 

has the CB output characteristics shown in 

Figure 4-62 

(a) Draw the load line on the character¬ 
istics and graphically determine V C b 
and I c at the bias point. 

(b) Determine the bias point without 
using the characteristic curves. 

4-22. The transistor shown in Figure 4-63 is 

germanium. 

(a) If R c * 1 kfl, what value of R H will 
cause V BL to equal 0 V? 

(b) If R e = 1.5 kfl, what value of R c will 
cause V BC to equal 0 V? 

In the circuit shown in Figure 4-64, find 

(a) V CE when I c ~ 1.5 mA, 

(b) I c when V CE - 12 V, and 

(c) V CE when/ c = 0. 



/?£ Rq 

1 -**-w-V* 

'*12 V 

1 --- - ± 

HO ( KB 4-63 (Exercise 4-22) 



1 IGVKE 4-( (Exercise 4-23) 

4-G In the circuit shown in Figure 4-65, find 

(a) V EC when I c = 12 mA, 

(b) I c when V EC — 2.5 V, and 

(c) V EC when I c = 0. 

4- 3 The silicon transistor shown in Figure 4—66 

has the CE output characteristics shown in 
Figure 4-67. Assume that (3 = 105. 




FT GURE 4-62 (Exercise 4-21; 


Bipolar Junction I ransistors 




100 


kO i 


330 B 


-12 V 0 

VTGl.UF. -1-65 (Exercise 4-24) 



~ *rm- 


(a) Draw the load line on the character¬ 
istics and graphically determine 
and I c at the bias point 

(b) What is the approximate value of I C eo 
for this transistor? 

(c) Calculate V CE and I c at the bias point 
without using the charactenstic 

curves 

Assuming that (J = 150, find the bias 
point of the germanium transistor shown 

in Figure 4 68. 


-24 vo 


6 8 kfl 




1 78 MU 


FIGURE 4-66 (Exercise 4-25) 


(Exercise 4-26) 



FIGURE 4~ &7 (Exercise 4-25) 
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Chapter 4 



fi 

What value of R B in the circuit shown in 
Figure 4-69 will just cause the silicon 
transistor to be saturated, assuming that 
P - 100 and V CE(sat) = 0.3 V? 


(Exercise 4-27) 



Calculate the bias point of the silicon 
transistor shown in Figure 4-70. Assume 
that p = 80. 


220 ko 


46 V 



FIGURE 4—70 


(Exercise 4-28) 


Calculate the bias point of the silicon 
transistor shown in Figure 4-71. Assume 
that p = 100. 


l kn 


ioo kn 



FIGURE 4-71 (Exercise 4-29) 


4-30- Determine the bias configuration (CB, 
CE, or CC) of the transistor in each part 
of Figure 4—72. 


i kn 


W 


6 

-16 V 


(a) 


ioo kn 


16 V 


1 


fb> 



-12 V 


24 V 


4 


(c) 


+24 V P 




R 



1 Mil 



9 V 


2.2 kn 


(d) 


FIGURE 4-72 (Exercise 4-30) 


(a) Design a bias circuit for an npn sili¬ 
con transistor in a common-base 
configuration. The bias point should 
be I E - 2 mA and V CB = 9 V. Supply 
voltages are +20 V and -10 V. Use 
standard-valued resistors with 5% 
tolerance and draw a schematic 
diagram of your design. 

(b) Calculate the range of possible val¬ 
ues that the bias point could have, 
taking the resistor tolerances into 
consideration. 

(a) Design a bias circuit for a pnp silicon 
transistor in a common-emitter con¬ 
figuration. The nominal p of the tran¬ 


sistor is 80 and the supply voltage is 
-24 V. The bias point is to be I c = 5 
mA, and V C e — —10 V. Use standard¬ 
valued resistors with 10% tolerance 


and draw a schematic diagra: 
your design. 


of 


(b) Calculate the actual bias point 
assuming the 10% resistors have 
their nominal values. 


(c) Calculate the range of possible 
values that the bias point could 
have if the value of p changed over 
the range from 50 to 100. Assume 
the resistors have their nominal 
values. 


Bipolar Junction Transistors 



/a) Design a bias circuit for an npn sili¬ 
con transistor in a common-collector 
configuration. The nominal p for the 
transistor is 100, and the supply volt¬ 
age is 30 V. The bias point is to be I c = 
10 mA, and V CE = 12 V. Use standard¬ 
valued resistors having 5% tolerance 
and draw a schematic diagram of 
your design. 

(b) Calculate the minimum value that 
Vce could have if both the resistor 
tolerances and a variation in P from 
60 to 120 are taken into account. 
Hint. Use equations 4-28 to derive 

the expression 





(V C c — V B e) 


Rb 

(P + 1)-Re 


+ 1 


Design a bias circuit for an npn 
silicon transistor having a nominal p 
of 100, to be used in a common- 
emitter configuration. The bias point 
is to be I c — 1 mA, and Vce = 5 V. 
The supply voltage is 15 V. Use 

standard-valued 5% resistors and 
draw a schematic diagram of your 


design. 

Calculate the possible range of values 
of the bias point taking into consider¬ 
ation both the resistor tolerances and 
a possible variation in p from 30 to 
150. Interpret and comment on your 
results. 


SECTION 4-8 

The BJT Inverter (Transistor Switch) 

+35. The input to the circuit shown in Figure 
+73 alternates between 0 V and 10 V. If the 
silicon transistor has a p of 120, verify that 
the circuit operates as an inverter. 



—36. What would be the output voltages from 
the inverter in Figure 4-73 if 

(a) the input voltage levels were changed 
to -5Vand +10V? 

(b) the input voltage levels were changed 
to 0 V and +15 V? 

(c) the p of the transistor were changed 
to 150? 

4-37. A transistor inverter is to be designed 
using a silicon transistor whose p may 
vary from 60 to 120. If the series base 
resistance is to be 100 kfl , what should 
be the value of R c ? Assume that 
V cc — V/// r " 4.5 V. 

-38. What is the minimum value of p for 
which the silicon transistor in Figure 
+74 will operate satisfactorily as an 

inverter? 


5 v |—| o 

0 V — 1 1 — 

FIGURE 4-74 (Exercise +38) 

SECTION +9 

Transistor Types, Ratings, and Specifications 

Note: In Exercises +39 through 4-40, refer to 

the manufacturer’s specification sheets given in 

Section +9- 

+39. The input to the 2N2222,A, transistor in 
Figure +75 is a square wave that alter¬ 
nates between t V volts. Assuming that 
no base current flows when the input is at 
-V volts (so there is no drop across R B ), 
what is the maximum safe value for V? 
Assume that a safe value for V is one that 
does not exceed 80% of the manufac¬ 
turer’s rated maximum. 







FIGURE +73 (Exercise +35) 


FIGURE +75 (Exercise +39) 





























